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Preface 



The 14th Conference on Hadron Collider Physics was held in Karlsruhe, 
Germany, almost three years after the last one which took place in Bombay. 
With the data analyses from recent runs at the Tevatron Collider and at 
HERA mostly complete, the aim of this symposium has been to invite our 
community of experimentalists and theorists to collect, exchange and to be 
reminded of ideas about collider physics at the onset of the new data taking 
periods which have just begun and which will carry us well into the LHC 
period. 

Historically, the main function of hadron colliders have been to probe 
physics at new energy frontiers and search for new particles and forces. The 
most famous examples being the discoveries of the W and Z bosons at the 
CERN SPS Collider and of the Top quark at the Tevatron in Fermilab. Before 
the onset of the LHC era we will be able to probe up to the TeV scale and 
open search windows to a large variety of exotic phenomena. At the same 
time, we will test the Standard Model at the attometer scale. 

In addition, hadron colliders provide an environment for precision physics, 
usually assigned to LEP and the B factories. Examples are the determination 
of electroweak parameters such as the mass of the W boson and Top quark, 
as well as masses and lifetimes of Beauty hadrons. It was at a hadron collider 
where first evidence of Beauty oscillation and CP violation was found. The 
forthcoming runs will give a more accurate prediction of the Higgs Boson 
mass and narrow its search window. In the Beauty sector a measurement of 
Bs oscillations will be crucial in constraining the CKM unitarity triangle. 

A vital prerequisite of collider physics is our knowledge about the proton 
and, more generally, about strong processes at large scales. Huge progress has 
been made in the sector of structure functions and fragmentation functions. 
With the amount and complexity of data multiplying with the forthcoming 
data taking runs, our tools to extract, analyze and store data need to be 
refined tremendously. Driven by the hadron collider community, a world- 
wide GRID activity has been launched which promises applications in many 
other fields. 

About 130 physicists from 17 nations followed and discussed 63 plenary 
talks covering the above-mentioned topics, which were organized into sessions 
where experimental results or techniques were confronted with phenomeno- 
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logical analyses and new theoretical ideas. The local organizers are endebted 
to the authors which delivered their writeups on time for publication, making 
these proceedings a physics handbook for the coming years. Special mention 
should be made to the social programme of the conference, highlighted by a 
reception in the castle of Karlsruhe, a beautiful chamber concert directed by 
physicist Dr. Kohnlein, and excursions to Heidelberg and Speyer. 

The sponsering of this conference by the four laboratories CERN, DESY, 
FNAL, FZK and by Siemens is greatfully acknowledged. Our research in 
collider physics is supported by the Bundesministerium fur Bildung und 
Forschung, the Deutsche Forschungsgemeinschaft, and the Universitat Karls- 
ruhe. We wish to thank our local organizers and helpers for making this 
conference a success. 

We all look forward to the coming decade where collider physics will open 
a new window on physics. 

Karlsruhe, Martin Erdmann 

December 2002 Thomas Muller 




Minutes of the Steering Committee Meeting 



The meeting of the Steering Committee for the Hadron Collider Physics Con- 
ferences was held in Karlsruhe University on October 4, 2002. Traditionally, 
members of the International Organizing Comittee of the respective confer- 
ence are members of this Steering Committee. In addition, the convenor of the 
conference asks senior physicists to attend the meeting. The following peo- 
ple attended this meeting: A1 Goshaw, Karl Jakobs, Ashutosh Kotwal, Tony 
Liss, Hugh Montgomery, Thomas Muller (Convenor), Carsten Niebuhr, Eliz- 
abeth Simmons, Harry Weerts, Scott Willenbrock, John Womersley, Xin Wu, 
Dieter Zeppenfeld. Subjects of discussion were name, style, attendence, time 
of the year, and future locations of the conference. The proposed acronym 
HCP2002 (for Hadron Collider Physics 2002) was accepted. In general, we 
want to keep a wide range of short plenary talks, in contrast to conferences 
with few long review talks such as Physics in Collision or conferences with 
parallel sessions. By extending the length of the conference from four and 
a half to five and a half days and by reducing the length of the theoretical 
review talks down from 40 minutes, time will be available for extra talks. In 
particular, more slots should be allocated to presentations offered by indi- 
viduals not necessarily representing collaborations. The low attendance from 
the LHC community was noted and regretted. We will make efforts to merge 
the LHC Symposium with the HCP in future. We also decided to main- 
tain the conference fees at a level sufficiently low to enlarge the attendance 
of graduate students and post docs. The committee decided that the 15th 
Hadron Collider Physics conference, HCP2004, will take place around June 
2004 in the United States, following our tradition to alternate the host conti- 
nents. After discussion of two excellent proposals, one from Ashutosh Kotwal 
(Duke) and one from Harry Weerts (MSU), we chose Michigan State Univer- 
sity (East Lansing, USA) as our next site. At the same time, we reaffirmed 
the decision taken by the last steering group in Bombay, that the Geneva 
group shall organize the subsequent conference, while Duke University will 
host the conference thereafter, which will most likely take place in 2006. We 
also registered a proposal from Franco Bedeschi (Pisa) to host HCP but did 
not take a decision at this time. 
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Part I 



Opening Review on Hadron-Collider Physics 




Hadron Colliders, the Standard Model, 
and Beyond 



Scott Willenbrock 

Department of Physics, University of Illinois at Urbana- Champaign, 

1110 West Green Street, Urbana, IL 61801 

Theoretical Physics Department, Fermi National Accelerator Laboratory, 

P. O. Box 500, Batavia, IL 60510 

1 What is the Standard Model? 

Quantum field theory combines the two great achievements of 20 th -century 
physics, quantum mechanics and relativity. The standard model is a particu- 
lar quantum field theory, based on the set of fields displayed in Table 1, and 
the gauge symmetries SU( 3) x SU( 2) x U(1)y- There are three generations 
of quarks and leptons, labeled by the index i — 1,2, 3, and one Higgs field, </>. 

Once the fields and gauge symmetries are specified, the standard model is 
the most general theory that can be constructed. The only constraint imposed 
is that the interactions in the Lagrangian be the simplest possible. We will 
return to this point in Section 3.1 

Let’s break the Lagrangian of the standard model into pieces: 



£sm = £ Gauge T £ Matter T £ Yukawa H” £ Higgs 



(1) 



Table 1. The fields of the standard model and their gauge quantum numbers. 
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The first piece is the pure gauge Lagrangian, given by 

Ccauge = At* GTG^, + -^TY - -.B^B^ , (2) 

*9s * 9 4 

where G ^ v , W ^ v , and B* LV are the gluon, weak, and hypercharge field-strength 
tensors. These terms contain the kinetic energy of the gauge fields and their 
self interactions. The next piece is the matter Lagrangian, given by 

£ Matter = ^Q % L -PQl A ^R 0 U R A ^R V^^R A A ^R ty^R • (3) 

This piece contains the kinetic energy of the fermions and their interactions 
with the gauge fields, which are contained in the covariant derivatives. These 
two pieces of the Lagrangian depend only on the gauge couplings gs,g,g f - 
Mass terms for the gauge bosons and the fermions are forbidden by the gauge 
symmetries. 

The next piece of the Lagrangian is the Yukawa interaction of the Higgs 
field with the fermions, given by 

Yukawa = - r?Qi<i > 4 - r?u L ^ R + h.c. , (4) 

where the coefficients /h, F e are 3x3 complex matrices in generation 
space. They need not be diagonal, so in general there is mixing between 
different generations. These matrices contain most of the parameters of the 
standard model. 

The final piece is the Higgs Lagrangian, given by 

Cmggs = - A (<j>U) 2 ■ (5) 

This piece contains the kinetic energy of the Higgs field, its gauge inter- 
actions, and the Higgs potential, shown in Fig. 1. The coefficient of the 
quadratic term, /i 2 , is the only dimensionful parameter in the standard model. 
The sign of this term is chosen such that the Higgs field has a nonzero 
vacuum-expectation value on the circle of minima in Higgs-field space given 
by (0°) = /x/\/ 2A = v/y/2. The dimensionful parameter /i is replaced by the 
dimensionful parameter v ~ 246 GeV. 

The acquisition of a nonzero vacuum-expectation value by the Higgs field 
breaks the electroweak symmetry and generates masses for the gauge bosons, 

M w = ~ gv 

Mz = +g ,2 v , (6) 

and the fermions, 

« = r^. (7) 
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Fig. 1. The Higgs potential. The neutral component of the Higgs field acquires a 
vacuum-expectation value (0°) = v/y/2 on the circle of minima in Higgs- field space. 



Diagonalizing the fermion mass matrices generates the Cabibbo-Kobayashi- 
Maskawa (CKM) matrix, including the CP-violating phase. 

This concludes my lightning review of the standard model. 1 It is impres- 
sive how tight the structure is; once the fields and the gauge symmetries are 
specified, the rest follows automatically. 

This answers the question posed in the title of this section, but the more 
important question is: Is the standard model correct? I show in Fig. 2 a 
qualitative assessment of the pieces of the standard model described above. 
The gauge-boson self interactions and the gauge interactions of the fermions 
(with the exception of the top quark) have been tested to very good accuracy, 
so we are sure that they are described by the standard model. The top-quark’s 
gauge interactions have been tested less accurately, but thus far they agree 
with the standard model. Quark mixing agrees with the CKM picture to very 
good accuracy in the first two generations, but with less accuracy in the third 
generation. The relation between the W- and Z-boson masses that follows 
from Eq. (6), 

Mw = M§ cos 2 9 W ( 1 + Ap) , (8) 

where Ap contains the radiative corrections, has been tested to good accuracy, 
but there are plans to do even better (see Section 2.1). The pieces of the 
standard model that we have no direct knowledge of involve the coupling of 
the Higgs boson to fermions, gauge bosons, and to itself. 

I argue in the next section that the Fermilab Tevatron will contribute to 
our knowledge of the pieces of the standard model that are listed as “prob- 
ably” correct in Fig. 2. If we are fortunate, it will also contribute to our 
knowledge of the Higgs sector. The CERN Large Hadron Collider (LHC) will 
certainly discover the Higgs boson, as well as measure its coupling to other 
particles. 



1 For a less frenetic review, see Ref. [1]. 
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C Yukawa : CKM mixing 



Yes (u, d, s, c) 
Probably (b,t) 




Don't know 



C Higgs : = M\ cos 2 Ow (1 + Ap) Probably 



h 



h <' Don't know 



Fig. 2. A qualitative answer to the question: Is the standard model correct? 

2 Hadron Colliders and the Standard Model 

The LHC was designed to discover the Higgs boson. The question I would 
like to address in this section is: How can the Tevatron confront the standard 
model? I discuss five of the most important ways in which it can do so. Please 
regard these as appetizers for the more detailed talks that will follow at this 
conference. 
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Fig. 3. Lines of constant Higgs mass on a plot of Mw vs. nit ■ The dashed 
ellipse is the 68% CL direct measurement of Mw and mt. The solid ellipse 
is the 68% CL indirect measurement from precision electroweak data. From 
http: / /lepewwg.web.cern.ch/LEPEWWG. 



2.1 Precision electroweak 

I show in Fig. 3 a plot of Mw vs. m f , with lines of constant Higgs mass. 
The dashed ellipse is the 68% CL region from direct measurements; the solid 
ellipse is the 68% CL region from indirect measurements. The fact that these 
ellipses lie near each other, and near the lines of constant Higgs mass (for 
nth >114 GeV) tells us that the standard model is not obviously wrong. It 
also indicates that the Higgs boson is light, nth < 204 GeV at 95% CL [2]. 

Before we become too smug about the success of the standard model in 
precision electroweak analyses, note that the fit to all data has a CL of 0.01, 
hardly confidence inspiring [3]. This is due to two anomalous measurements: 
the b forward-backward asymmetry (A b FB ) measured at LEP, which deviates 
by 2.6cr, and sin 2 Qw{vN) measured by the NuTeV collaboration [4], which 
deviates by 3cr. What if we (very unscientifically) discard these measurements 
from the global fit? Then we find that >114 GeV has a CL of only 0.03, 
because these two measurements favor a heavy Higgs boson, while the other 
measurements favor a very light Higgs boson. If we only discard the NuTeV 
measurement, then the fit CL is 0.10, which is marginally acceptable. It seems 
that there is some tension in the fit of the precision electroweak data to the 
standard model. 
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Fig. 4. (0) Indirect bounds on the top-quark mass from precision electroweak data. 
(□) World- average direct measurement of the top-quark mass; (A) CDF and (v) DO 
measurements. Lower bounds from pp (dashed) and e + e“ (solid) colliders. Updated 
by C. Quigg from Ref. [5]. 



Measurements of Mw and mt at the Tevatron could resolve or exacerbate 
this tension. Let us take as a goal for Run Ila (2 fb"" 1 ) uncertainties of 
AMw = 30 MeV, Am t — 3 GeV. Combined with the LEP measurement 
of AMw ~ 42 MeV, the uncertainty in the W mass would be AMw = 24 
MeV. The goals for Run lib are AMw = 20 MeV, Am t = 2 GeV. These 
measurements will be important tests of the standard model, either increasing 
our confidence in it or indicating that there is physics beyond it. 

Should we believe that the Higgs boson is light, as indicated by precision 
electroweak data? In defense of this, I show in Fig. 4 a plot of direct and indi- 
rect measurements of the top-quark mass versus time. Precision electroweak 
measurements anticipated m t < 200 GeV, which suggests that we should 
trust the prediction rrih < 200 GeV. 
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2.2 CKM 

The CKM elements involving the top quark have never been measured di- 
rectly; they are inferred from the unitarity of the CKM matrix. Their values 
are [2] 



\V td \ = 0.004 - 0.014 
\V t8 \ = 0.037-0.044 
\V t b\ = 0.9990 - 0.9993 . 

Thus \V t d\, \Vts\, and \V t b\ are known with a precision of 50%, 10%, and 0.02%, 
respectively. How can we measure these CKM elements? 

|Vtd| This may be determined indirectly from B 2 — B 2 mixing, shown in 
Fig. 5. The frequency of oscillation, Arrid , is proportional to \V t * b Vtd\ 2 - Mea- 
surements give [2] 

\V t lV td \ = 0.0079 ±0.0015, (9) 

where the uncertainty (20%) is almost entirely from the theoretical uncer- 
tainty in the hadronic matrix element. Assuming three generations (| Vtb\ ~ 1), 
this is a more accurate measurement of \Vtd\ than can be inferred from uni- 
tarity (50%). 



\Vta\ This may be determined indirectly from B® - B® mixing, which is the 
same as Fig. 5 but with the d quark replaced by an s quark. The frequency of 
oscillation, Am s , is proportional to |V^VJ S | 2 . Thus far there is only a lower 
limit on the oscillation frequency, 

Am s > 14.4 ps -1 . (10) 

The anticipated value from the range of \V ts \ listed above is Am s « 18 ps -1 , 
just above the current lower bound. This should be observable in Run II at 
the Tevatron. However, the theoretical uncertainty is very similar to that of 
Arrid, which means that \V ts \ can only be extracted with an uncertainty of 
20%, which is greater than the uncertainty in the value inferred from unitarity 
(10%). 



b 



d 



W 

kAAAAAAA 



a 



1/xaaaaaa 

w 



d 



b 



Fig. 5. B% — B 2 mixing proceeds via a box diagram. 
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Fig. 6. The p~ij plane, showing constraints from various measurements, as well as 
the best fit. From http://ckmfitter.in2p3.fr [6]. 

|Vfc S |/|Vtd| We can use the similarity in the hadronic matrix elements in- 
volved in Am s and Arrid to our advantage by taking the ratio: 

^ = 2 ('ll', 

Am d M b } V td ' { } 

The theoretical uncertainty in the ratio of the hadronic matrix elements, £ 2 , 
is much less than the uncertainty in the hadronic matrix elements themselves. 
Using the value of |Us| from unitarity yields an uncertainty in \Vtd\ that is 
less than the uncertainty obtained from Arrid alone. 

I show in Fig. 6 the p-fj plane. The radius of the large circles centered at 
(1,0) is proportional to \Vtd\- The large annulus is from the measurement of 
Arrid • The small annulus that lies inside it is from the ratio Am s j Arrid and 
Amd combined, using the current lower bound on Am s . The measurement of 
Am s at the Tevatron will reduce the width of this annulus by about a half, 
making it one of the most precise measurements in the p-fj plane. 

IVtbl Despite the fact that it has never been measured directly, \V t b\ is the 
best known CKM element (0.02%), assuming three generations. It is only 
interesting to measure it if we relax the assumption of three generations, in 
which case \Vtb\ is almost completely unconstrained [2], 

\V tb \ ~ 0.08 — 0.9993 . (12) 

How can we directly measure \Vtb\ in this scenario? 
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t 



W 

Fig. 7. Top-quark decay to a IT boson and a light quark ( q = d , s, b). 



Let’s consider top-quark decay, shown in Fig. 7. CDF has measured the 
fraction of top decays that yield a b quark [7], 



BR(t -> Wb) 
BR(t -> Wq) 



0-94tg;ii 

m 2 

\Vtd\ 2 + \Vts\ 2 + \V tb \ 2 ’ 



(13) 



where q denotes any light quark (d, s, b). The second line is the interpretation 
of this measurement in terms of CKM elements. If we were to assume three 
generations, the denominator of this expression would be unity, but we are 
not making that assumption. The fact that this fraction is close to unity only 
tells us that \V t b\ > |Vt s |, \ V t d\] it does not tell us its absolute magnitude. 

The way to measure \V t b\ directly, with no assumptions about the number 
of generations, is to measure top-quark production via the weak interaction 
[8]. There are two relevant subprocesses at the Tevatron, shown in Fig. 8. The 
s-channel process proceeds via quark-antiquark annihilation and produces a 
tb final state. Turning this diagram on its side yields the t-channel process, in 
which the virtual W boson strikes a b quark in the proton sea and promotes 
it to a top quark. Both processes produce a single top quark in the final state, 




Fig. 8. Single-top-quark production via the weak interaction: (a) s-channel process, 
(b) t-channel process. 
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Fig. 9. Top-quark pair production at the Tevatron proceeds principally via quark- 
antiquark annihilation, with a smaller contribution from gg — > tt. 



rather than a tt pair. The cross sections for these processes are proportional 
to \ V t b\ 2 , and thus provide a direct measurement of this CKM element. These 
processes should be observed in Run II, and yield a measurement of \ V t b\ with 
an uncertainty of about 10%. 



2.3 Top quark 

The strong and weak interactions of the top quark are not nearly as well 
studied as those of the other quarks and leptons. The strong interaction is 
most directly measured in top-quark pair production, shown in Fig. 9. The 
weak interaction is measured in top-quark decay, Fig. 7, and single-top-quark 
production, Fig. 8, discussed in the previous section. 

The standard model predicts that the W boson in top-quark decay will 
be dominantly longitudinally polarized, 

jn ^ 

BRit ^ w ^-^K * 0 70 - (14) 

CDF has made the crude measurement BR(t — >* W$b) — 0.91 ± 0.37 =b 0.13, 
consistent with the standard-model expectation [9] . This measurement should 
improve significantly in Run II. 

One of the unique features of the top quark is that it decays before there 
is time for its spin to be depolarized by the strong interaction. Thus the 
top-quark spin is directly observable via the angular distribution of its decay 
products. This means that we should be able to measure observables that 
depend on the top-quark spin. 

In the production of tt pairs via the strong interaction, Fig. 9, the spins 
of the top quark and antiquark are 100% correlated, as shown in Fig. 10(a) 
[10]. In single-top production, the spin of the top quark is 100% polarized 
along the direction of motion of the d quark, in the top-quark rest frame, as 
shown in Fig. 10(b) [11]. These spin effects should be observable in Run II. 
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Fig. 10. (a) In tt production, the spins of the top quark and antiquark are 100% 
correlated when measured along an axis that makes an angle with respect to the 
beam axis, where tan ^ = f3 2 sin 6 cos 9 / (1 — /3 2 sin 2 0); (b) In single-top production, 
the top quark is 100% polarized along the direction of motion of the d quark, in 
the top-quark rest frame. 



2.4 Higgs boson 

As mentioned in the introduction to this section, the LHC was designed 
to discover the Higgs boson. However, there is a chance that the Tevatron 
could make this discovery first. The most promising channel is associated 
production of the Higgs boson with a W or Z boson, as shown in Fig. 11(a), 
followed by h -4 bb [12]. This channel is not considered viable at the LHC, 
so it is of particular interest to try to observe it at the Tevatron. Other 
discovery channels are associated production of the Higgs boson and a tt pair 
[13] and, for higher Higgs-boson masses, Higgs-boson production via gluon 
fusion, followed by h — » WW^ [14]. 

Figure 12 is the well-known plot of the integrated luminosity required 
to discover the Higgs boson (5a), find evidence for it (3cr), or rule it out 
(95% CL) [15]. If we take seriously the indication from precision electroweak 




W 9 Z 



h 




Fig. 11. Higgs-boson production (a) in association with a weak vector boson, (b) 
via weak- vector-boson fusion. 




14 



S. Willenbrock 



i 




E 



"5 

S' 




95% CL limit 

3a evidence 

5a discovery 



80 100 120 140 160 180 200 

Higgs moss (GeV/c 2 ) 



30 ftr’ 



10 fb - ’ 



2 fb - ’ 



combined CDF/DO thresholds 



Fig. 12. Integrated luminosity required to discover (5cr), find evidence for (3cr), or 
rule out (95% CL) the Higgs boson at the Tevatron vs. the Higgs mass. 



physics that the Higgs boson is lighter than 200 GeV, then we will be unable 
to rule it out. To discover it, we will really need 5cr — this is the Higgs boson 
we are talking about! Given the lower bound rrih >114 GeV from LEP, this 
means we need 15 fb" 1 of integrated luminosity to get into the game. 

The LHC can’t miss the Higgs boson. In addition to the production pro- 
cesses available at the Tevatron, there is also weak- vector-boson fusion, shown 
in Fig. 11(b), which was originally proposed for the discovery of a heavy Higgs 
boson. The potential of this process for the discovery of an intermediate-mass 
Higgs boson has recently been appreciated [16,17]. Figure 13 shows the signal 
significance for the discovery of an intermediate-mass Higgs boson in a vari- 
ety of channels. The importance of the weak- vector-boson- fusion channels is 
evident. 

Once we discover the Higgs boson, we want to measure its couplings to 
other particles. The ratio of Higgs couplings can be extracted by measuring a 
variety of production and decay modes [18]. Thus it is important to be able to 
see the Higgs boson in as many channels as possible. This again emphasizes 
the importance of the weak- vector-boson- fusion channels. 

2.5 QCD 

Perhaps it is surprising to see QCD in this list of ways in which the Tevatron 
can confront the standard model. After all, we know beyond the shadow of 
a doubt that QCD is the correct theory of the strong interaction. However, 
we don’t always know how to use it correctly. Here I discuss three aspects of 
the confrontation between theory and experiment in QCD. 
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Fig. 13. S/y/B for a variety of Higgs-boson production and decay channels at the 
LHC vs. the Higgs mass. 



J/'ip production It was long thought that J/ip production at high trans- 
verse momentum proceeds via the process shown in Fig. 14(a), in which a 
color-singlet cc pair is produced. However, this process yields a cross sec- 
tion that is more than an order of magnitude too small, and has the wrong 
transverse-momentum dependence, as shown by the curve labeled “LO color- 
singlet” in Fig. 15. We now believe that the dominant production mechanism 
at high transverse momentum involves a gluon that produces a color-octet cc 
pair, which then fragments into a J/'ijj by emitting two or more soft gluons, as 





Fig. 14. J/ip production at high transverse momentum: (a) color-singlet mecha- 
nism, (b) color-octet mechanism. 
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Fig. 15. J/ij) transverse momentum distribution at the Tevatron. The LO color- 
singlet contribution corresponds to Fig. 14(a); the color-octet 3 Si contribution cor- 
responds to Fig. 14(b). From Ref. [20]. 



shown in Fig. 14(b) [19]. For a suitable choice of the hadronic matrix element 
that parameterizes the fragmentation function, this gives a good description 
of the data, as shown in Fig. 15. This mechanism also makes an unambigu- 
ous prediction: the J/ip should be transversely polarized at high transverse 
momentum, since it is emanating from a gluon, which has only transverse po- 




Fig. 16. Polarization of J/ip as a function of its transverse momentum. The data are 
compared with the prediction from the process in Fig. 14(b) and related processes. 
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Fig. 17. The 6-quark cross section vs. the minimum transverse momentum of the 
6 quark. From http://www-cdf.fnal.gov/physics/new/bottom/bottom.htmk 



larization states. The predicted polarization is shown in Fig. 16, along with 
data from Run I; the agreement is hardly encouraging [21]. The data from 
Run II will put this to a decisive test, and tell us if we need to go back to 
the drawing board in order to explain J/xp production at high transverse 
momentum. 



b production Another area in which the agreement between theory and 
experiment is less than impressive is 6-quark production. The data lie signif- 
icantly above the prediction of next-to-leading-order QCD [22,23], as shown 
in Fig. 17. A similar excess has been observed at HERA (7*# — » 66) and 
at LEP (7*7* — > 66). This has stimulated a great deal of work on QCD, 
but there is not yet a generally-accepted resolution of this conundrum. The 
slightly-higher energy of Run II provides another venue in which to test our 
theoretical ideas against experiment. 



Multijet production Multijet production is interesting in its own right, and 
also as a background to new physics. In order to recognize physics beyond the 
standard model, we must first be able to calculate standard-model processes 
with reasonable precision. Multijet production (by itself or together with 
other particles) is difficult to calculate even at tree level, and challenges our 
ability to calculate efficiently. 
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There are two new general-purpose tools available for such calculations: 
ALPGEN [24] and MadEvent [25]. They are both leading-order event gen- 
erators, with color information that allows them to be merged with shower 
Monte Carlo codes. Each has its own strengths, so I invite you to take them 
out for a test drive. 2 Currently neither code can produce generic multijet 
events with more than six jets, but that should change in the near future. 
One promising new development in the calculation of multiparton amplitudes 
is the color-flow decomposition; the subprocess cross section for gg — > 10# 
has recently been evaluated using this method [26]. 

3 Beyond the Standard Model 

As discussed in Section 1, the standard model is a simple, elegant, and suc- 
cessful theory. Why should we even contemplate physics beyond the standard 
model? It almost seems ungrateful. The situation is in some ways analogous 
to that of classical physics in the 1890’s, which seemed to explain almost all 
known phenomena. However, that decade witnessed the discovery of X-rays 
by Rontgen, radioactivity by Becquerel, and the electron by Thomson, and 
it soon became clear that these could not be understood in terms of clas- 
sical physics. These discoveries and others eventually led to the theories of 
quantum mechanics and relativity, upon which the standard model is based. 
The question I would like to address is: What are the analogous anomalies 
today? Below I list both direct and indirect evidence for physics beyond the 
standard model. 

3.1 Direct evidence 

Neutrinos Recall that in our review of the standard model we restricted 
ourselves to the simplest possible interactions, but we did not explain why we 
imposed this restriction. The most conservative (and most plausible) expla- 
nation is that additional interactions are present, but they are suppressed. If 
we were to add these additional interactions, we would find (via dimensional 
analysis) that they have coefficients with dimensions of an inverse power of 
mass [1], 

£ = £sm + —£5 + ( 15 ) 

where M is a mass scale greater than the Higgs-field vacuum-expectation 
value, v. At energies much less than M, the least-suppressed interactions 
come from the Lagrangian labeled £5. Remarkably, there is one and only 
one possible term in this Lagrangian (assuming the standard-model particle 
content) [1,27], 

£5 = c l3 {pl e0)C(0 T eL J L ) + h.c. . (16) 

2 ALPGEN: http://mlm.home.cern.ch/mlm/alpgen 
MadEvent: http://madgraph.physics.uiuc.edu 
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where Lp and 0 are the lepton and Higgs-doublet fields (see Table 1) [C 
is the charge-conjugation matrix]. When the Higgs field acquires a vacuum- 
expectation value, this term gives rise to a Majorana mass matrix for the 
neutrinos, 

M i i = cij ji- ( 17 ) 

Thus we expect neutrino masses and mixing, with masses much less than v 
(for M v). The observation of neutrino oscillations is thus unambiguous 
evidence of physics beyond the standard model. 



Gravity Although we don’t always think of it this way, gravity is definitely 
beyond the standard model. If we add a graviton field, to the theory, the 
least-suppressed additional interactions (using dimensional analysis) are 

M 2 

£ gravity = 2A + i? + • • •) (18) 

where Mp is the Planck scale, g = det g ^ , R is the Ricci scalar, and A is 
the cosmological constant. The Ricci-scalar term accounts for all of classi- 
cal gravity. The cosmological constant, long thought to be exactly zero, is 
able to account for the mysterious “dark energy” needed to accommodate 
cosmological observations. 



Astrophysics and Cosmology Along with the dark energy mentioned 
above, which is believed to account for about 60% of the mass-energy of 
the universe, there is also “dark matter”, whose nature is unknown, which 
accounts for about 35% of the mass-energy. Whatever this matter is, it is 
certainly beyond the standard model. The observed baryon asymmetry of 
the universe also cannot be explained by the standard model, because it 
requires a source of CP violation beyond that contained in the CKM matrix. 
The inflationary model of the universe, so successful in explaining many of 
the features of our universe, also requires physics beyond the standard model. 



Precision electroweak As discussed in Section 2.1, precision electroweak 
data may already be indicating physics beyond the standard model. Future 
measurements may strengthen or weaken this evidence. 

3.2 Indirect evidence 

Masses and mixing angles The standard model accommodates generic 
masses and mixing angles, but the observed values are far from generic. The 
natural scale of charged fermion masses is of order v, but all charged fermions 
(except the top quark) are much lighter than this, and display a hierarchical 
pattern. The CKM mixing angles are also not generic; they are small, and 
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are also hierarchical. These facts suggest that there is physics beyond the 
standard model that explains the pattern of charged fermion masses and 
mixing. Unfortunately, the standard model does not indicate at what energy 
scale this new physics resides [28]. 



Grand Unification SU(5) grand unification is a lovely idea [29], but it 
is ruled out; now that we know the gauge couplings with good accuracy, 
we find that they do not unify at high energies. It is remarkable that by 
imposing weak-scale supersymmetry on the theory, the relative evolution of 
the couplings is nudged just enough to successfully unify the couplings at the 
scale Mqjjt ~ 10 16 GeV. This suggests that the supersymmetric partners of 
the known particles await us as we probe the weak scale. 



Hierarchy problems Recall that the standard model has only one energy 
scale, the Higgs-field vacuum-expectation value, v. Why is v <C Mp^Mqut 2 
Why is A <C Mp, v 2 l In other words, why does it appear that physics beyond 
the standard model is associated with scales wildly different from vl Perhaps 
the explanation for this requires yet more physics beyond the standard model, 
such as supersymmetry or large extra dimensions. 



It is striking that almost all of these anomalies and hints of physics beyond 
the standard model involve the Higgs field in one way or another. Neutrino 
masses involve the Higgs field, via Eq. (16); the vacuum-expectation value of 
the Higgs field contributes to the cosmological constant; the axion (a type of 
Higgs field) is a dark-matter candidate; there could be additional CP violation 
in the Higgs sector that generates the baryon asymmetry; the inflaton (a 
scalar field) could drive inflation; precision electroweak data constrain the 
Higgs sector; fermion masses and mixing angles result from the coupling of the 
Higgs field to fermions, Eq. (4); SUSY SU(5) grand unification requires two 
Higgs doublets; and the hierarchy problems involve the Higgs-field vacuum- 
expectation value. 

The conclusion I would like to draw from these observations is that dis- 
covering and studying the Higgs boson (or bosons) is central to understanding 
physics beyond the standard model We should be on the lookout for two (or 
more) Higgs doublets; Higgs singlets or triplets; Higgs-sector CP violation; al- 
ternative models of electroweak symmetry breaking; composite Higgs bosons, 
etc. If we are lucky, we will begin to probe this physics at the Tevatron; we 
are guaranteed to learn something about it at the LHC. We look forward 
to an exciting era of physics associated with electroweak symmetry breaking 
and physics beyond the standard model. 
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Status of the Accelerators and Detectors 




Tevatron Collider Run II Status 



Elvin R. Harms, Jr. 

Fermi National Accelerator Laboratory 
P.0. Box 500, Batavia, Illinois 60510, U.S.A. 



1 Introduction 

Collider Run II at Fermilab is moving from the commissioning stage to the 
operational stage. Since the beginning of the run in March 2001, performance 
has been steadily improving, but the pace has been slower than anticipated. 
The peak luminosity now exceeds that of Run I and sources of additional im- 
provement to reach design goals have been identified and are being addressed. 
This paper summarizes the progress to date. 



2 Overview 

The Tevatron Collider complex at Fermilab consists of a chain of accelerators 
culminating in the superconducting Tevatron operating at 980 GeV. Figure 1 
shows a schematic layout of the accelerator complex for Run II. 



FermilabTevatron Accelerator With Main Injector 
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Fig. 1. Fermilab Accelerator Complex for Run II 
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New for this run is the 150 GeV Main Injector, replacing the Main Ring 
and housed in a separate enclosure adjacent to the Tevatron. As part of 
the Main Injector project, new beam transport lines were constructed and 
placed into operation to connect this new machine to the existing Booster, 
Antiproton source, and Tevatron. Sharing the same enclosure is the Recycler, 
an 8 GeV machine based on permanent magnet technology. It is currently 
being commissioned, but will ultimately play a vital role in collider operation 
as a high intensity repository of antiprotons from the antiproton Accumulator 
as well as a cooling and storage ring for recycling Tevatron antiprotons left 
at the end of a store. 

To accept the enhanced capabilities possible with the Main Injector, sig- 
nificant modifications were made to the Tevatron and Antiproton source for 
Run II. These changes include: (1) collisions of 36 p x 36 p bunches rather 
than 6 x 6, (2) an increase in the Tevatron energy from 900 GeV to 980 GeV, 
(3) antiproton Accumulator lattice and cooling system upgrades. 

3 Run II Milestones 

Preparations for Run II began in earnest once Main Injector construction 
and tie-in with the existing complex were completed. Run II milestones to 
date include: 

• September 1998 — Main Injector commissioning begins 

• May 2000 — first attempt to unstack antiprotons from the Accumulator 

• June 2000 — antiprotons extracted from the Accumulator and acceler- 
ated to 150 GeV in the Main Injector 

• August 2000 — 980 GeV protons in the Tevatron reestablished 

• August 2000 — antiprotons in the Tevatron 

• October 2000 — 36 x 36 collisions at 980 GeV achieved 

• March 2001 — Run II officially begins 

• August 2002 — Initial luminosity 2.6 x 10 31 cm -2 s -1 , exceeding the 
best of Run I 

• September 2002 — 3.01 x 10 31 cm -2 s _1 initial luminosity achieved, 
80 pb -1 delivered since the beginning of Run II. 

4 Parameters 

The goals of Run II were determined in order to fully exploit the capabilities 
of the Main Injector. These goals include a factor of five increase in luminos- 
ity. Table 1 compares the current performance to Run II design goals. The key 
missing factors in achieving design luminosity at this time are the p intensity 
and transverse emittance. Solutions to overcome these and other shortcom- 
ings are outlined below. The antiproton stacking rate, though still not at 
goal, is sufficient to meet current collider needs. The current peak stacking 
rate is now 13 x 10 10 p’s/hour. Work on increasing this rate continues. 
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Table 1 . Run II Design Goals and Current Performance 





Run Ila Design 


Current 

Best 


Missing 

Factor 


p Production Rate 


18 x 10 10 /hour 


12.4 


1.45 


Maximum p Stack 


16.5 x 10 u 


19.0 


- 


Total p’s 


11 x 10 11 


6.1 


1.8 


Accumulator to Tevatron 
Transmission 


80% 


55 


1.45 


p’s/bunch at low-/? 


0.33 x 10 11 


0.17 


1.94 


p’s/bunch at low-/? 


2.70 x 10 11 


2.11 


1.28 


Emittance at low-/? 


17.57T mm-mrad 


25? r 


1.43 


Peak Luminosity 


8.60 x 10 31 cm^ 2 s _1 


3.01 


2.85 


Integrated Luminosity 


17.3 pb -1 /week 


4.80 


3.60 



5 Performance to Date 

Two parameters denote the performance of the collider complex: peak lumi- 
nosity and integrated luminosity. The peak luminosity is the average instan- 
taneous luminosity reported by CDF and DO at the beginning of a store after 
scraping (beam halo removal) is complete. The integrated luminosity is that 
delivered to the experiments and recorded using measurements reported by 
CDF. 

Figure 2 notes the evolution of peak luminosity on a store-by-store basis 
since the beginning of Run II through the time of this conference. Each point 
represents the initial luminosity of a store. Also shown, for trending purposes, 
is the running average based on the past twenty stores. Three shutdowns 
are shown: (1) detector roll-in once collider operation was verified, (2) Re- 
cycler upgrades, (3) Accumulator core transverse stochastic cooling system 
upgrades. Also highlighted are some of the key luminosity enhancements. 

As of November 2002, a peak luminosity of 3.6 x 10 31 cm -2 s -1 has been 
achieved. Stores typically begin with a luminosity of ~3.0 x 10 31 cm -2 s -1 . 
The integrated luminosity has exhibited a similar increase. A record of 6.7 pb -1 
has recently been delivered in one week. A total of 120 pb -1 has been deliv- 
ered in Run II to date; the total delivered in Run I was 179.7 pb -1 . 

6 Accomplishments 

Improvements in Collider performance have come about in two ways: gradu- 
ally as the behavior of the accelerators is better understood, and immediately 
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Fig. 2. Store-by-Store Evolution of Peak Luminosity 



as a result of specific luminosity-enhancing efforts. Three major improve- 
ments will be discussed in more detail: Tevatron helix adjustments, Antipro- 
ton source emittance reduction, and Tevatron injection closure. Additionally 
there has been work on many parts of the accelerator complex such as: (1 ) p 
and p coalescing in the Main Injector, (2) radiofrequency feed- forward com- 
pensation in the Main Injector, (3) magnetic kicker timing in the Accumu- 
lator and Tevatron, (4) improved transfer line optics, (5) instrumentation 
improvements. 

6.1 Accomplishments: Helix Adjustments 

The protons and antiprotons circulating in the Tevatron travel on helical 
paths generated by electrostatic separators so placed to maintain separation 
between the beams except at CDF and DO. Different orbits are required at 
injection and in collision. The transition from the injection to collision helix 
is made during the low-/? squeeze as the beams are brought into collision and 
the /? function at the interaction regions is adjusted to 35 cm. Modifications to 
the separator settings have allowed a greater separation between the beams 
at both 150 GeV and during the low -/? squeeze. Significant improvements 
were made by increasing the minimum separation of the beams from 1.8a to 
2.7a during the 120 second process of reaching low-/? . This has resulted in 
~20% less loss of antiprotons; on the order of 95% of the antiprotons in the 
Tevatron at 980 GeV now survive the squeeze. 

The increased separation has also made it possible to increase the number 
of protons by 80%. Further gains in the beam separation are now constrained 
by the Tevatron’s physical aperture. The vertical space through the magnetic 
septum magnets in the abort region formerly used for fixed target operation 
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has been identified as the current limitation. Preparations are being made to 
replace these magnets with dipoles of larger aperture. 

6.2 Accomplishments: Antiproton Emittance 

At the beginning of Run II it became apparent that the transverse emittance 
of the beam in the antiproton Accumulator was a factor of two larger in 
the horizontal plane than in Run I. Extensive beam studies and modeling 
led to the conclusion that this was primarily due to two factors: intrabeam 
scattering (IBS) and trapped ions. 

A novel two-fold plan was developed to reduce the transverse emittance. 
The first was to provide better transverse stochastic cooling of the Accumu- 
lator core. A new system with double the bandwidth and a 50% higher center 
frequency was designed, installed, and put into operation in the first half of 
2002. Secondly, dual lattice operation of the Accumulator was introduced. 
In this scheme, the slip factor, 77, which relates the particle beam energy to 
its revolution frequency, is varied depending on the mode of operation. The 
“stacking” lattice with 77 = 0.012 for p production was retained and during 
setup for p transfers the lattice is now adjusted to the “shot” lattice with 77 = 
0.022 while the circulating antiproton stack is maintained at the core orbit. 
The net result has been a reduction in the IBS term by a factor of 2.5 and a 
two-fold increase in the cooling rate. 

Figure 3 is a plot of transverse emittance in the Accumulator as a function 
of stack size. The new core cooling and the “shot” lattice have resulted in 
a factor of 2-3 reduction in antiproton transverse emittance depending on 
the stack size. This has propagated into the Main Injector and has been 
translated into an increase in the number of antiprotons reaching collision in 
the Tevatron. These improvements have also made it possible to efficiently 
achieve larger p stacks which increases the number of available antiprotons 
at collision in the Tevatron. Only a marginal decrease of the p emittance in 
the Tevatron was observed. 



6.3 Accomplishments: Tevatron Injection Closure 

The final improvement has directly led to smaller p transverse emittances in 
the Tevatron. This has been accomplished by reducing the injection oscilla- 
tions. A system known as the Beam Line Tuner (BLT) samples the horizontal 
and vertical position for each of the four injected p bunches per transfer for 
64 turns using stripline beam position monitors in the Tevatron injection 
region. These signals are accepted by instrumentation which calculates and 
applies correction dipole settings to reduce any deviations from the desired 
positions. Stores immediately following commissioning of the BLT showed a 
47r mm-mrad or 18% reduction in the 150 GeV transverse emittance in the 
Tevatron along with a proportionate decrease at 980 GeV. 
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Fig. 3. Average Accumulator Transverse Emittance vs. Stack Size 



7 Outstanding Issues 

Despite the progress in improving the luminosity, significant work remains to 
achieve the goals set forth for Run II. The beams being fed to the Tevatron by 
the injector chain are nearly of the quality needed to achieve design goals. In 
terms of protons, bunch intensities in excess of 250 x 10 9 have been injected 
into the Tevatron, within 92% of goal. Transverse emittances are routinely 
207T mm-mrad at 150 GeV in the Main Injector, which is at design. The 
longitudinal emittance leaving the Main Injector remains too high and work 
in this area continues. Antiproton intensities routinely exceed 30 x 10 9 /bunch 
at 150 GeV in the Main Injector after coalescing. Transverse emittances are 
less than 107T mm-mrad leaving the Main Injector. 

In recent months, many Tevatron deficiencies have been identified and 
systematic work has begun to correct them. Three broad categories requiring 
attention have been identified: 

• Beam-Beam Effects at both 150 and 980 GeV 

• Instabilities 

• Detector Backgrounds. 

Some improvements, such as transverse dampers in the Tevatron, have 
a potential impact of up to 30% on the luminosity. Work is in progress on 
parallel fronts to address these deficiencies and to identify additional sources 
of improvement. 

8 Future Prospects 

In the current accelerator configuration, the maximum achievable luminosity 
is estimated to be of order 10 x 10 31 cm -2 s -1 . Further improvements will 
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be possible only with operation of the antiproton Recycler. Recycler commis- 
sioning with both protons and antiprotons is ongoing in parallel with collider 
operation. Antiprotons have been successfully stacked and cooled in the Re- 
cycler with a lifetime of order 100 hours. Transmission from the Accumulator 
to the Recycler where successive pulses are merged is 63% or better. It is 
hoped to integrate the Recycler into collider operation in 2003. Only with 
the Recycler in operation can Run II goals be met. 

9 Reliability 

Approximately 70% of the stores put into the Tevatron are ended intention- 
ally. A typical store lasts on average 14.87 hours. Factors contributing to 
store length include antiprotons available at the beginning of a store, lumi- 
nosity lifetime, initial luminosity, and scheduling considerations. For stores 
ended intentionally, the average length is 17.3 hours; for those lost due to 
failure it is 9.5 hours. Stores which end unintentionally often do so due to a 
failure in a system specifically associated with operating a superconducting 
accelerator; 44% of store terminations are ascribed to quench protection or 
cryogenic refrigeration systems. 

10 Summary 

A peak luminosity of 3.6 x 10 31 cm -2 s -1 has now been achieved at the Teva- 
tron Collider. Typically the intial luminosity of a store is 3 x 10 31 cm -2 s -1 . 
The integrated luminosity has reached 6.7 pb -1 per week. These values ex- 
ceed the peaks for Run I. Already the injectors are providing the necessary 
beams to achieve a peak luminosity of 6 x 10 31 cm -2 s -1 . Much effort has 
already allowed the Tevatron to achieve the current level of performance and 
work continues to build on this progress. 

A number of performance issues in the Tevatron in three broad categories 
have been identified and are being addressed. These include injection aperture 
and lifetime, beam-beam effects, and instabilities. Further identification and 
mitigation of luminosity impediments continue. Greater insight into Tevatron 
behavior as the run proceeds will likely lead to additional improvements. 
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1 Introduction 

This report provides a snapshot of the status of the CDF II detector at 
Fermilab as of Sept 2002. Improvements are rapidly being made to both the 
Tevatron and CDF II and at the time of writing some of the performance 
numbers quoted have already been exceeded. 

Run Ha is nominally defined as 2-3 year period over which a total in- 
tegrated luminosity of 2 fb~ l is expected. After upgrades to the Tevatron 
for Run lib a total integrated luminosity of 10 — 15/5 -1 by about 2007 - 
8 is expected. The Tevatron started to deliver pp collisions at a center of 
mass energy of 1.96 TeV in July 2001. CDF II used the early period of col- 
lisions to commission the detector and trigger. Since Jan 2002 CDF II has 
collected physics quality data. Over the period from July 2001 through Sept 
2002 the Tevatron has delivered ~ 90 pb~ x of data of which CDF has recorded 
~ 60 pb~ l . More information about the status of the Tevatron can be found 
in Ref. [1]. 

2 The CDF II Detector and Trigger Upgrades 

CDF II has undergone major upgrades in order to accommodate the expected 
increase in luminosity and data volumes. The front end electronics has been 
replaced and can accommodate a bunch crossing time of 132ns. Currently 
the Tevatron is operating with a 396ns bunch spacing. 

The new silicon detector consists of a very small radius (~ 1.6cm) silicon 
layer (LOO), 5 layers of double sided silicon (SVXII) covering a radius of 2.44 
cm to 10.6 cm and 1-2 layers referred to as the Intermediate Silicon Layers 
(ISL) extending to a radius of 28.9 cm. The silicon detector covers 2.5cr of 
the interaction region and doubles the acceptance for particles with good 
tracking and vertexing as compared to Run I. Standalone silicon tracking 
allows b tagging of top events out to \rj\ <2 significantly improving the 
double tagged top yield. The increased acceptance also allows us to find tracks 
pointing to the plug calorimeter improving the identification of electrons 
from W ev. The silicon readout operates with a typical S/N ratio of 
12. Our understanding of the alignment is progressing well and is known 
to about ±3/im. Currently we are reading out about more than 95/90/80% 
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Fig. 1 . Left: View of the CDF detector highlighting upgraded detector elements. 
Right: Side view of the CDF detector showing the 77 coverage of the tracking de- 
tectors. 



of LOO/SVXII/ISL. Blockage of cooling lines has prevented us from reading 
out all of the ISL. We have successfully cleared several cooling lines and the 
remaining lines are expected to be cleared during the next major access. 

LOO will improve the impact parameter resolution of 1 GeV/c 2 tracks from 
~ 50 jjLrn to ~ 25 fim leading to a substantial increase in b tagging efficiency 
and better separation of 6’s and c’s. Studies indicate that for tt events the 
double tagged efficiency increases from 8% in Run I to 28% when using LOO 
and SVXII. The new time of flight (TOF) detector together with LOO greatly 
improves the sensitivity to B° mixing. The TOF will be used to identify kaons 
used to reconstruct D$ and reduce the background under the B° mass peak. 
An example of the increased S/N ratio that one can achieve for the 0(1020) 
when using the TOF is shown in Fig. 2 where we see an improvement of the 
S/N ratio of about 18. 




Fig. 2. Left: Untagged sample. Right: Improvement in the signal to noise ratio for 
events tagged using the TOF. 



The Central Tracking Chamber (CTC) from Run I has been replaced with 
a Central Outer Tracker (COT) having a smaller cell size resulting in reduced 
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drift times. The measured single hit resolution of the COT is 175 fim and full 
coverage extends to \r)\ < 1 as shown in Fig. 1. 

New muon chambers have been installed increasing the 77 — (f) coverage by 
about 12 % for tt events. 

A new lead scintillator calorimeter in the forward region provides better 
coverage, improved jet energy resolution and better electron identification. 
The energy resolution of the EM section is 16 %/y/~E 0 1% while for the HA 
section the energy resolution is 80 %j\[E 0 5% 

New forward detectors have been installed. The miniplug covers the re- 
gion from 3.5 < I 77 I < 5.5 and is used to identify rapidity gaps as well as 
very forward jets. It is currently being readout but not yet fully calibrated. 
The beam shower counters cover the region 5.5 < \rj\ < 7.5 and roman pot 
spectrometers are installed to detect a leading p. More details about the 
diffractive program at CDF II can be found in Ref. [2] . 

The trigger system consists of a three stage trigger. The Level 1 (LI) 
trigger is a hardware trigger and makes a logical OR of trigger information 
coming from the Calorimeter, Muon, Forward Detectors and Tracking infor- 
mation. We currently operate with about 40 LI triggers. A new capability at 
CDF II is the ability to trigger on tracks at LI. The Extremely Fast Tracking 
(XFT) trigger uses the axial layers of the COT to select events with high pr 
tracks. The efficiency is about 96.1% down to tracks with pr — 1.5 GeV. The 
measured momentum resolution for XFT tracks is ( Apr/p ? ) — 1-65% and 
the measured angular resolution is 5.1 mRad. The XFT trigger enhances our 
physics capabilities and also allows us to collect large samples of events that 
are used for in situ calibration. 

The Level 2 (L2) trigger consists of about 80 triggers. The Silicon Ver- 
tex Track (SVT) trigger is a new trigger allowing us to select events with 
large impact parameters. Many physics signatures including Higgs, top and 
measurements that constrain the CKM matrix involve b quarks. The long 
lifetimes r(b) ~ 1.5 ps(cr ~ 450/ira) allow the identification of b decays by 
triggering on displaced tracks. The L2 SVT combines the track information 
from the LI XFT trigger with silicon hits. Events are then selected which 
have two tracks with an impact parameter do > 120 pm. This trigger also 
allows us to select events that can be used for calibration purposes such as 
Z —¥ bb which is used for resolution and mass scale systematics when deter- 
mining the top mass. A new and powerful capability at CDF II is the ability 
to select fully hadronic b decays using the SVT trigger. 

Full offline reconstruction is available at L3 which consists of 256 dual 
processor PCs running Linux. Typically about 140 triggers are implemented 
at L3. Events passing the trigger are sorted into 20 datasets. After offline 
processing the data is further sorted into more specific datasets used for 
analysis and calibration. 

The online trigger system is well advanced and is close to the final speci- 
fication. For an instantaneous luminosity of C = 2 x 10 32 the designed trigger 
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rates are ^50000/300/50 Hz for Level 1/2/3. Under typical current running 
conditions the achieved trigger rates are 11000/290/55 Hz for L — 2.6 x 10 31 . 
We currently operate with reduced trigger thresholds and special calibration 
triggers in order to make use of the available bandwidth. The data logging 
rate out of the Level 3 trigger is limited to 20 MB/s. Event sizes are of the 
order 250-300 KB and depend on the luminosity. 

3 Physics Results and Prospects 

The large sample of photon conversions arising from the silicon detector is 
used to determine a tower by tower correction for the central electromagnetic 
(EM) section of the calorimeter. The overall energy scale of the EM section 
is then set by Z — » e + e“ events. Before calibration of the calorimeter, the 
invariant mass of the Z is measured to be 1.2% high while for the forward 
regions the results are about 10% to 6.6% high. The hadronic energy scale 
can be set by using photon-jet events. The photon-jet balancing agrees with 
Run I calorimeter response to within 4%. The Run II detector configuration 
includes additional material (silicon) between the interaction point and the 
calorimeter, so one would not expect complete agreement. 

Understanding the calorimeter response will be crucial for jet studies used 
for tests of perterbative QCD at next to leading order and large Q 2 . With 
2 fb~ l of data we will be able to measure jets with Et out to 550 GeV . 
Improvements in the forward calorimeter provides more information over a 
wider range of Bjorken-x leading to more precise parton density function fits. 
More information about jet production at CDF can be found in Ref. [3]. 




Fig. 3. Left: The J/\P sample. The inset graph shows the J/\fr(2S) candidates. 
Right: Invariant mass before (open symbols) and after (solid symbols) using the 
J sample to calibrate the tracking. 



Tracking is calibrated using the large sample of J/& events where over 
345K candidates were collected in 2 Spb~ x (see Fig. 3). Standard GEANT 
dE/dx corrections are applied followed by a missing material correction and 




36 



Frank Chlebana 



a magnetic field correction. The overall correction is tuned so that the J /W 
invariant mass determined from tracking agrees with the Particle Data Group 
(PDG) value. The results are shown in Fig. 3. The tracking calibration can 
then be tested by reconstructing the mass of other particles such as the D°. 
The results are in agreement at the sub MeV level with the PDG value. The 
calibrated tracking was used to measure the mass of several particles. The 
results for m(^(2S)) = 3686.43 ± 0.54 (stat) MeV jc 2 , m(F? + ) = 5280.6 ± 

1.7 (stat) ± l.l(sys) MeV/c 2 , m(B°) = 5279.8 ± 1.9(stat) ± lA(sys) MeV/c 2 

+2.1 

and m(B°) — 5360.3 ± 3.8 (stat) —2.9 {sys) MeV/c 2 are consistent with the 
PDG values. 

Fig. 4 shows the invariant mass peak from D s and candidates re- 
constructed from the ^7r channel. The measurement of the mass difference 
of D s and mesons has reduced systematic errors since the decay kine- 
matics of Df and D± are similar. The error on the measurement is dom- 
inated by the background modeling and the error on the Run II result of 
m(Df) — m(D ± ) = 99.28 ± QA3(stat) ± 0.27 (sys) MeV/c 2 is already ap- 
proaching the previously published CDF precision of 99.2 ± 0.5 MeV/c 2 . 
More details can be found in Ref. [4] and Ref. [5] . 





Fig. 4. Left: Invariant mass of D s and D + mesons. Right: J/& sample used to 
determine the inclusive B lifetime. 

The inclusive B lifetime from J/*F decays, B — > J/# -\-X was determined 
to be ctb = 458 ± 10 (stat) ± 11 (sys) firm in good agreement with the PDG 
value of ctb = 469 ±4 jim. Fig. 4 shows the sample used in the measurement. 
Also measured is the exclusive B lifetime from B+ — > J/tyK^ based on an 
integrated luminosity of 18 pb ~ 1 we have 154 signal events. The result of 
ctb — 458 ± 10 (stat) d= 11 (sys)jim is consistent with previous measurements. 

For directly produced charm mesons (D° -+ 7r + i^ _ ) the vector sum of 
the 7 x + K~ points back towards the primary event vertex while D° originating 
from B decays have a non zero impact parameter. This can be used to measure 
the fraction, /#, charm mesons produced from B decays. We measured the 
fraction for the following decay modes using the measured detector resolution. 
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f B (D°) = 16.4 ± 0.7%, f B {D*+) = 11.4 ± 1.4%, = 11.3 ± 0.5%, 

fs{Df) = 34.8 ± 2.8%. This technique of separating direct from secondary 
produced charm mesons will be used for limits on D°/D° mixing, searches for 
CP violation in the D system and for searches of rare and forbidden charm 
decays. 

Fully hadronic B decays collected with the SVT trigger are shown in 
Fig. 5. The decay B — > h+h~ includes contributions from Bt Kir, Bd — > 
7T7T, B s — > KK and B s — » Kir. These decay modes have been difficult to 
trigger on in the past and this new capability at CDF II will greatly enhance 
our b physics program. 
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Fig. 5. Left: Fully hadronic B decay modes. Right: The transverse Et of W — »■ pv 
candidates. 



The increased coverage for muons and electrons together with better lep- 
ton identification will greatly expand the electroweak physics program at 
CDF II. With an integrated luminosity of 2/5“ 1 we expect a precision mea- 
surement of mw to about ±40 MeV and a measurement of the W decay width 
to about 30 MeV. Z — » e + e“ have been used to calibrate the calorimeter. 
In an integrated luminosity of 1 6p5 _1 we observe 57 Z -* pA candidates 
within a mass range of 66 < < 116MeV/c 2 . The forward backward 

asymmetry from Z/7 — >■ e + e~ ± X was measured with Run II data and is 
in good agreement with standard model predictions. This measurement tests 
the relative strength of the vector and axial- vector couplings and provides 
a good way to search for non standard heavy neutral gauge bosons. More 
details about W/Z production at CDF can be found in Ref. [6]. 

The cross section of TV — »■ ev was measured using 5547 candidates col- 
lected with 10 pb~ x of data. The result of a(pp -± WX) * BR(W — ¥ ev) = 
2.6 ±0.07 (stat) ±0Al(sys) ±0.2 6(lum) nb is consistent with the Run I mea- 
surement, after rescaling for the higher center of mass energy. The inclusive 
W production cross section, a (pp — > WX)-BR(W — > fiv) was determined us- 
ing 5461 candidates collected from 1 6p5 -1 . The result of a • BR(W pv) = 
2.70 ± 0.04 (stat) ± 0,19(sys) ± 0.2 6(lum)nb is consistent with Run I results 
(after scaling) of a • BR(W — (iv)r uti i = 2.41 ± 0.08(stat) ± 0Ab(sys) ± 
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0.1Q(lum)nb. The expected background is of the order 11% and includes con- 
tributions from QCD, cosmic muon events, Z (i(i and Z -» tv. The ratio, 
= a • BR(W — )> iiv)/o • BR{Z — /i/jl) = 13.66 ± 1.94(stat) ± 1.12 (sys) 
was determined and is consistant with expectations. Also observed are more 
rare decays such as IT tv. This channel is important for searches for new 
physics, such as the Higgs searches. More details can be found in Ref. [7]. 

In Run II with 2fb ~ 1 of data we expect ~ 1000 b tagged tt events and this 
increased statistics will allow us to characterize the main properties of the top 
quark. We expect to be able to measure the the top mass to about 3 GeV and 
determine the total cross section to about 9%. The increased statistics will 
also enable us to search for non-standard production mechanisms resolvable 
down to a total cross section of 90 fb. More details can be found in Ref. [8] . 

4 Conclusions 

The CDF II upgrades build on the experience from Run I. The improved 
acceptance, new trigger capabilities and better detectors will result in new 
and more precise measurements. The new detectors and trigger hardware 
are working well and CDF II has been taking physics quality data since Jan 
2002. The online trigger is well advanced and preparations for analyses are 
underway. A number of results have been shown demonstrating that CDF II 
is functioning well and analysis tools are available. The new capabilities of the 
triggers such as the XFT at LI and the SVT trigger at L2 are currently being 
exploited. Early results already are competitive with previous measurments 
despite the low statistics. Since the time of writing significant improvements 
have been made to both the Tevatron and CDF II leading to higher initial 
luminosities and greater data recording efficiencies. Improved measurements 
making use of the expanded capabilities of CDF II and greater statistics 
should become available in 2003. 
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1 Introduction 

During the data-taking period from 1992 to 1996 (Run I), the Tevatron exper- 
iments CDF and D0 collected about 125pb _1 of proton- antiproton collision 
data at center of mass energies of 1.8 TeV. Since then, the Fermilab accel- 
erator complex has been upgraded to provide collisions at 1.96 TeV and an 
initial design luminosity of 8.6 x 10 31 cm~ 2 s _1 . The new data-taking period 
(Run II) has started in March 2001 and is expected to deliver more than 
10fb _1 by the year 2007. This dataset is the basis for a rich physics program, 
including precision mass measurements of the W-boson and top-quark as well 
as the possibility to discover a light Higgs boson[l]. 

2 Overview 

To fully exploit the physics opportunities of Tevatron Run II, the D0 detec- 
tor has undergone a major upgrade. The design goals included the capability 
to operate the detector at the upgraded Tevatron (reduced bunch spacing 
of 396 ns, high peak and integrated luminosities), to provide efficient iden- 
tification of b-jets and leptons as well as to maintain good jet-energy- und 
missing- F^-resolution. 

To achieve this, all readout electronics as well as the entire trigger and 
data acquisition system have been upgraded. The tracking system has been 
replaced by a silicon vertex detector and a central fiber tracker (CFT), sit- 
uated in a 2 T magnetic field provided by a superconducting solenoid (see 
Fig. 1). The muon system surrounding the Liquid Argon calorimeter has been 
upgraded and extended. 

After commissioning all subdetectors in the early phase of Run II, D0 
now has accumulated about 35pb _1 of data in physics quality runs. In the 
following, status and performance of all D0 subsystems will be described. 

3 Silicon Vertex Detector 

The silicon tracker (see Fig. 1 and Table 1) consists of four cylindrical layers 
around the beampipe close to the nominal interaction point (Barrel detec- 
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Fig. 1. Quarter view of the D0 detector (left) and the inner tracking system (right). 



tors), twelve disks between and at the end of the barrel segments (F-Disks) 
and four large disks in the forward region (H-Disks). The combined system 
provides tracking up to pseudorapidities of 3.0. Out of the total of 800k chan- 
nels, about 90% are operational and provide a signal to noise ratio of more 
that 12. This translates into a hit efficiency measured as more than 97%. 

After aligning the silicon detector using tracks, the impact parameter 
distributions for tracks reconstructed by the full tracking system has a width 
of 38 /im, not correcting for contributions from the beam width of about 
30 ^m. Further improvements are expected from more refined alignment and 
clustering algorithms. 



Table 1 . Specifications of the D0 Silicon Tracker. 



Detector 


Sensors 


Stereo 


# Channels 


Coverage 


Barrels 


sgle/dble-sided 


o 

O 

O 

o 

W 

o 

O 


387072 


2.7<R<9.4cm 


F-Disks 


double-sided 


±15° 


258048 


2.6<R<10.5cm 


H-Disks 


single-sided 


±7.5° 


147456 


9.5<R<26cm 



4 Central Fiber Tracker 

The volume between the silicon tracker and the superconducting coil has 
been instrumented with eight cylindrical double layers of scintillating fibers. 
Each layer has axial and stereo fibers (stereo angle ±3°) with a diameter of 
835 /i-m, providing a hit resolution of about 100 fjL m. The light is routed via 
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Fig. 2. VLPC charge spectrum (in ADC counts) for LED calibration signal (left); 
CFT light yield (in ADC counts) as a function of track pseudorapidity (right). 



clear waveguides to solid-state photodetectors (Visible Light Photon Coun- 
ters, VLPCs), situated in a LHe cryostat at a temperature of 9 K. VLPCs 
detect photons with a quantum efficiency of 85% and provide a charge of 
about 30000 to 60000 electrons per photo-electron (see Fig. 2 for a typical 
charge spectrum). A minimum ionizing particle creates an average of at least 
eight photo- electrons per layer, depending on the angle between scintillating 
fiber and particle trajectory (see Fig. 2). The hit efficiency has been mea- 
sured to be greater than 98%, including a contribution from about 1.5% bad 
channels. 

Hits from both the central fiber tracker and silicon detectors are com- 
bined to form global tracks, which can then be used to reconstruct invariant 
masses of well-known resonances to cross-check scale and resolution of the 
momentum measurement. Fig. 3 shows the two-track proton-pion mass spec- 
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Fig. 3. Two- track proton-pion invariant mass spectrum. 






42 



Volker Biischer 



trum with a peak due to the decay A pn. The mass of the A baryon is 
measured as 1115. 0d=0.2 MeV, in good agreement with the world average of 
1115.683±0.006 MeV [2]. 

5 Calorimeters 

The Run I D0 calorimeter is reused for Run II after upgrading the readout 
electronics to accomodate for the shorter bunch spacing time. The energy 
deposited in the Uranium absorber (Copper and Steel for the outer hadronic 
layers) is sampled using Liquid Argon up to pseudorapidities of 4.2. Signals 
are readout in cells of projective towers (see Fig. 4) with four EM and at least 
four hadronic layers and a transverse segmentation of 0.1 in both azimuth 
and pseudorapidity (0.05 for the third EM layer). The energy resolution a e 
has been measured with test beams as a e/E = 15%/V / E + 0.3% for electrons 
and ge/E = 45 %/y/E + 4% for charged pions. 

To provide additional sampling of energy lost in dead material, scintillator- 
based detectors have been added between solenoid and central cryostat (cen- 
tral preshower, CPS), in front of the forward cryostat (forward preshower, 
FPS) and between the cryostats (Intercryostat Detector, ICD). The new cen- 
tral and forward preshower detectors consist of 3 layers of scintillator strips 
with VLPC readout providing, in addition to the energy measurement, a 
precise 3- dimensional position measurement for electromagnetic showers. 

The Liquid Argon Calorimeter operates with a bad channel fraction of 
less than 0.1% (<1.5% for the preshower detectors). After applying linearity 
and gain corrections as derived from pulser calibration, the electromagnetic 
energy scale has been determined using Z — » e + e“ events (see Fig. 5). The 




Fig. 4. Quarter view of the central and forward calorimeters. 
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Fig. 5. Di-Electron invariant mass spectrum (left) and E/p distribution for elec- 
trons in W— >ev events (right). 



calibrated energy measurement compares well to the momentum measure- 
ment using the tracking systems, as demonstrated by the E/p distribution 
shown in Fig. 5. Using the transverse balance in photon plus jet events, the 
electromagnetic calibration has been used to determine a first set of jet energy 
scale corrections. 

6 Muon Detectors 

The D0 Muon system consists of three layers of drift tubes and scintillators, 
with toroid magnets situated between the first and second layer to allow 
for a stand-alone muon momentum measurement (see Fig. 1). Scintillator 
pixels spanning 0.1 in pseudorapidity and 4.5° in azimuth are used for trig- 
gering and rejection of out-of-time backgrounds in both central and forward 
region. Rectangular proportional drift tubes (PDTs) with drift cells of size 
10.1x5.5 cm are stacked in three or four decks per layer in the central re- 
gion. Tracking of muons in the forward region is accomplished using decks 
of mini drift tubes (MDTs) in each layer, providing a position measurement 
with a resolution of 0.7 mm per deck for pseudorapidities up to 2.0. The 
muon system is protected from beam-related backgrounds by shielding (iron, 
polyethylene, lead) around the beampipe, reducing the hit occupancy by a 
factor 100 to an average of 0.1%. 

With a fraction of bad or noisy channels of less than 0.7%, PDTs (MDTs) 
are used to reconstruct muon tracks with a hit efficiency of more than 99% 
(97%). This stand-alone muon momentum measurement is sufficiently precise 
to clearly resolve the J/#'— resonance in the di-muon mass spectrum 
(see Fig. 6). After matching muons with tracks reconstructed in the inner 
tracking systems, high-p t muons are measured well enough to observe a clean 
Z — signal (see Fig. 6). 
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Fig. 6. Di-muon mass spectrum with momentum measurement in muon system 
(left) and inner tracker (right). 



7 Forward Proton Detectors 

To be able to study diffractive and elastic proton-antiproton collisions, a set 
of proton spectrometers has been installed along the beamline in both the 
proton and antiproton direction (see Fig. 7). The system consists of scintillat- 
ing fiber detectors in two roman pot stations placed after the bending dipole 
magnets on the outgoing antiproton side and in four roman pot stations after 
the quadrupole magnets on both sides, providing measurements of the pro- 
ton scattering angle and fractional energy loss. So far more than two million 
elastic events have been recorded with a stand-alone data acquisition system. 
The integration with the other D0 subdetectors is in progress. 
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Fig. 7. D0 Roman Pot Detectors (Di,D 2 ,Ai,T 2 ,Fi,P 2 ), situated along the beam- 
line between dipole (D) and quadrupole (Q 2 ,Q 3 ,Q 4 ) magnets. 
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8 Trigger and Data Acquisition 

To select events of interest out of the collision that occur every 396 ns, the 
D0 detector is operated with a 3-level trigger system: the Level 1 trigger 
is a programmable hardware trigger that uses information from fast read- 
out of calorimeter towers, total missing E t , axial CFT tracks and muons for 
rejecting events within 4.2 fi s to achieve an output rate of less than 5 kHz 
(currently operated at 0.5 kHz). At Level 2, single board computers are used 
for further processing (calorimeter clustering, muon tracking) and combin- 
ing information from all subdetectors to reduce the rate to less than 1 kHz 
(currently 250 Hz). For events accepted by the L2 trigger, the full detector 
is readout and a partial event reconstruction with quasi-offline precision is 
performed on a 48-node PC farm. Within 50 ms per event, this Level 3 trigger 
identifies events containing leptons, photons, jets, missing E t or b-quarks to 
be stored on tape with an average rate of 50 Hz. 

Currently the full trigger system is operational except for the LI track 
trigger, which is being commissioned. In addition, a L2 trigger upgrade pro- 
viding the possibility to trigger on tracks with high impact parameter is in 
production. 

At this point an average of about 10 million events per week are recorded 
and fully reconstructed at Fermilab and then provided to computing centers 
around the world for physics analysis. 

9 Conclusions 

For operation at Run II of the Tevatron, the D0 collaboration has finished 
a major upgrade of all subdetectors, readout electronics and trigger systems. 
Commissioning and a first pass at calibration and alignment of all subdetec- 
tors has been completed successfully. Trigger and reconstruction algorithms 
have been verified with physics signals, and first physics results based on 
about 35pb _1 of Run II data are available [3]. 
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1 Introduction 

In inclusive deep-inelastic scattering measurements the proton structure is 
usually expressed in terms of structure functions. Being observables, they de- 
pend on the measuring process. On the contrary, the proton can in theory be 
described in terms of Parton Density Functions (PDFs), which describe the 
proton universally, i.e. independently of any measuring process. The PDFs 
are not observables, but depend on the factorization scheme chosen, which 
determines how the hard scattering is separated from the non-perturbative 
PDFs. With a given factorization scheme, e.g. the DIS scheme , the PDFs 
of the proton and the hard scattering matrix element can be combined to 
the specific structure functions of the proton, which are subject to various 
measurements at HER A [ 1 , 2 ]. 




Fig. 1 . Feynman diagram of inclusive DIS ep scattering. The four- momenta are 
given in parentheses. 



Figure 1 shows the appropriate Feynman diagram of inclusive ep scatter- 
ing for both Neutral Current (NC), where a 7 or Z boson is exchanged, and 
Charged Current (CC), where a charged W boson is exchanged, turning the 
e into a (anti-)neutrino. 
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Neglecting all masses, the relevant Lorentz-invariant kinematic variables 
are: 



s = 


(k + Pf 


( 1 ) 


Q 2 = 


1 

►O 

to 

II 

1 

to 


( 2 ) 


X = 


Q 2 

2 P-q 


( 3 ) 


y = 


P-q 

P-k 


( 4 ) 


They are related through: 








Q 2 = sxy 


( 5 ) 



Therefore, for a given center-of-mass energy, two quantities are sufficient 
to completely describe the event kinematics. 

At HERA measurements are made with the HI and the ZEUS detec- 
tors with an ep center-of-mass energy of yfs — 300.. 318 GeV. Consequently, 
it has been possible to make measurements covering a kinematic range of 
5 • 10 -1 GeV 2 < Q 2 < 4 • 10 4 GeV 2 and 5 • 10 -7 < x with y > 0.005. In 
the high-Q 2 regime the momentum transfer exceeds the mass of Z and W ± . 
Hence, all four electro- weak bosons are available to probe the proton. 



2 NC Cross Sections in the Complete Kinematic Plane 



The Born NC cross-section, is usually written as 



d 2 c 



2na 2 



dQ 2 dx Q A x 



(Y+F 2 NC T Y„xF s NC -y 2 F» c ) 



( 6 ) 



with Y± = 1 ± (1 — y) 2 . The three so-called generalized structure functions 
F- iVC (x, Q 2 ), which contain contributions from 7, 7 Z interference, and pure 
Z exchange. The index 2 denotes a sum of parity conserving terms. Index 3 
represents all contributions from parity violating axial-vector contributions 
of the partons, leading to a change of sign in the cross section, when switching 
from e + to e~ . xF^ c is small for most of the kinematic plane covered. F^ c 
is related to contributions from longitudinally polarized bosons. Its influence 
is small for most of the kinematic plane. 



The generalized Fff 0 consists of 

F 2 nc = Fl - v e P z F] /z + ( vl + a? e )P%Fi 



( 7 ) 
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with Pz = Q 2 + M d being a short notation to factor out the electromagnetic 

propagator and v e and a e denoting the vector and axial-vector couplings of 

the e. Since v e ~ 0, Pf ~ 0 at modest Q 2 and the contributions of xF% c and 
f nc 

are small and can be estimated, the cross section measurement leads 
directly to measurement of the proton structure function F^[2]. 



ZEUS+Hl 
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F 2 as shown in Fig. 2, represents the proton structure as viewed with 
photons. The measurements have been performed using 40.. 100 pb^ 1 of in- 
tegrated luminosity. Their precision reaches an overall average of « 3%. The 
data of three fixed target experiments has been added, showing that the given 
data altogether agree[4-6]. 



3 High-Q 2 Measurements 

It is useful to rewrite (6) defining the reduced NC cross-section: 

s' lc ( e ± p) = F T (8) 

where all three terms play a role in appropriate regions of phase space in the 
high Q 2 ;> 100 GeV region. 
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Fig. 3. Reduced NC cross sections vs Q 2 for various x at high-Q 2 . 



Figure 3 shows the reduced cross-section measured by HI and ZEUS 
for both e + p and e~p scattering. Although the data amounts to 20 pb -1 
for e~p and 60. .100 pb -1 for e + p scattering, the statistical uncertainties 
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dominate. The data agrees well with the prediction of the CTEQ5D PDF 
parametrization[6-9] . 

In the high-Q 2 regime the Z boson starts to contribute as the momentum 
transfer exceeds the Z boson mass. This is clearly visible in the non-zero 
xF% c term, suppressing or increasing the cross section dependent on the 
lepton charge as can be seen in Fig. 3 at Q 2 ^ 1000 GeV 2 . Consequently, 
xF z NC can be measured from the difference between e~p and e + p cross sec- 
tions. 
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Fig. 4. Proton structure function xF^ z (denoted as xG^) 



Analogously to (7) xF% c can be written as 

xF^ c = -a e P z xFl IZ + 2 v e a e P 2 z xF% (9) 

Figure 4 shows the proton-structure function xF ^ Z , which corresponds to 
the interference contribution between 7 and Z for the axial-vector contribu- 
tion of the proton coupling. It is well described by the fits. The plot also 
shows results from BCDMS, which can be compared in the given x range, 
since xF^ Z has little Q 2 dependence. There is good agreement [ 8 ] . 



4 Charged Current Measurements 

By analogy with ( 6 ) and ( 8 ) the reduced CC cross section is defined: 

4?n v(Q 2 + M ^) 2 d 2 a cc (e ± p) 

g 2 f m*,y+ 






dxdQ 2 



(10) 
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fT 



y_ 



*t xF * 



W* 



y 2 pw ± 

t/l 



( 11 ) 



with Mw denoting the W mass and Gp the Fermi constant. The term y 2 F^f ± 
is negligible. Due to the electric charge of the W boson it couples only to 
quarks of opposite charge to the W , Exploiting helicity arguments this fea- 
ture provides a tool to separate contributions of differently flavored quark 
distributions [5]. 



HERA Charged Current 
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Fig. 5. Charged Current Reduced Cross Section 



Figure 5 shows the measurements of HI and ZEUS for both e + p and e~p 
scattering. The statistical uncertainty dominates. The data are well described 
by the CTEQ5D parametrization[6,7,10,ll]. 

Note that a cc (e~p ) is much higher than d cc {e Jr p) since the W~ cou- 
ples predominantly to the u quarks, whereas the W + couples mostly to the 
d quark. The effect results from the fact that the d density is much smaller 
than the u density. In addition, the coupling of the d is smaller than the 
coupling of the u. 
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5 Summary and Outlook 

The experimentally observable structure functions describe the proton struc- 
ture dependent on the scattering process. With HI and ZEUS, proton struc- 
ture function measurements have been performed over six orders of magni- 
tude in both x and Q 2 showing the effects of all of 7, Z and W ± exchange. 
The structure functions have been measured with high precision. The struc- 
ture functions measurements of HI and ZEUS agree well with the present 
SM predictions. 

Future parametrizations of PDFs will benefit from these results, being 
additional help for testing QCD not only at HERA but also of present and 
future hadron-hadron colliders. 

With the HERA upgrade, the delivered luminosity is expected to reach 
up to 1 fb -1 and the upgraded accelerator will provide a polarized e-beam. 
This will allow even more precise and specific measurements of cross sections 
and thus structure functions of the proton. 
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1 Introduction 

The fundamental quantities one requires in the calculation of scattering pro- 
cesses involving hadronic particles are the parton distributions. Global fits 
[l]-[7] use all available data, largely structure functions, and the most up-to- 
date QCD calculations, currently NLO-in-a s (Q 2 ), to best determine these 
parton distributions and their consequences. In the global fits input partons 
are parameterized as, e.g. 

xf(x, Ql ) = (1 - x) 7? (l + ex 0 ' 5 + jx)x 5 

at some low scale Qq ~ 1 — 5GeV 2 , and evolved upwards using NLO DGLAP 
equations. Perturbation theory should be valid if Q 2 > 2GeV 2 , and hence 
one fits data for scales above 2 — 5GeV 2 , and this cut should also remove the 
influence of higher twists, i.e. power-suppressed contributions. 

In principle there are many different parton distributions - all quarks 
and antiquarks and the gluons. However, m c ,mb Aqcb (and top does 
not usually contribute), so the heavy parton distributions are determined 
perturbatively. Also we assume s = s, and that isospin symmetry holds, i.e. 
p n leads to d(x) u(x) and u(x) d(x). This leaves 6 independent 
combinations. Relating s to 1/2 (u + d) we have the independent distributions 

uy—u — u , dy = d — d , sea = 2 * (u + d + s), d — u , g. 

It is also convenient to define E = uy + dy + sea + (c + c) + (b + b) . There are 
then various sum rules constraining parton inputs and which are conserved 
by evolution order by order in a^, i.e. the number of up and down valence 
quarks and the momentum carried by partons (the latter being an important 
constraint on the gluon which is only probed indirectly), 

/ xE(x) + xg(x) dx — 1. 

Jo 

When extracting partons one needs to consider that not only are there 
6 independent combinations, but there is also a wide distribution of x from 
0.75 to 0.00003. One needs many different types of experiment for a full 
determination. The sets of data usually used are: HI and ZEUS F^x^Q 2 ) 
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data [8,9] which covers small x and a wide range of Q 2 \ E665 F 2 ,d (x,Q 2 ) 
data [10] at medium x; BCDMS and SLAC F| ,d (x, Q 2 ) data [11]-[12] at large 
x; NMC Ff’^x,^ 2 ) [13] at medium and large x; CCFR F^^x, Q 2 ) and 
F 3 " Hp (x, Q 2 ) data [14] at large x which probe the singlet and valence quarks 
independently; ZEUS and HI F^ charrn {x, Q 2 ) data [15,16]; E605 pN — ► pjl + 
X [17] constraining the large x sea; E866 Drell-Yan asymmetry [18] which 
determines d — u; CDF W-asymmetry data [19] which constrains the u/d 
ratio at large x; CDF and DO inclusive jet data [20,21] which tie down the 
high x gluon; and NuTev Dimuon data [22] which constrain the strange sea. 

The quality of the fit to data is usually determined by the y 2 . There are 
various alternatives for calculating this. The simplest is adding statistical and 
systematic errors in quadrature. This ignores the correlations between data 
points, but it is the only available method for many data sets. In principle it 
should be improved upon, but in practice sometimes works perfectly well. 

A more sophisticated approach is to use the covariance matrix 

n 

Cij = $ij&i, s t a t 4 " Pjj&k,i&k,j i 
k= 1 

where k runs over each source of correlated systematic error and are the 
correlation coefficients. The y 2 is defined by 

X 2 = E - T,(a))C^(ZJ, - Tj(a)), 

2=1 j = 1 



where N is the number of data points, Di is the measurement and Ti(a) is 
the theoretical prediction depending on parton input parameters a. Unfortu- 
nately, this relies on inverting large matrices. 

One can also minimize with respect to the systematic errors, i.e. incorpo- 
rate the systematic errors into the theory prediction 

n 

fi{a,s) = Ti(a) + 'Y^s k A ik , 

k = 1 

where is the one-sigma correlated error for point i from source fc. In this 
case the x 2 is defined by 
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Di s) 

&i,unc 



2 n 
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ki 



k = 1 



where the second term constrains the values of Sk- This allows the data to 
move en masse relative to the theory, but assumes the correlated systematic 
errors are Gaussian distributed. One can actually solve for each of the Sk 
analytically [23], simplifying greatly. This method is identical to the correla- 
tion matrix definition of y 2 at the minimum, but it has the double advantage 
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that smaller matrices need inverting and one sees explicitly the shift of data 
relative to theory. However, one may ask whether Gaussian correlated er- 
rors are realistic and whether it is valid to move data to compensate for the 
shortcomings of theory. MRST find that for HERA data increments in x 2 
using this method are much the same as for adding errors in quadrature, and 
data move towards theory [1]. However, for Tevatron jet data the correlated 
systematic errors dominate and must be incorporated properly. 

Once a decision about x 2 is made, the above procedure completely deter- 
mines parton distributions at present. The total fit is reasonably good and 
that for CTEQ6 [2] is shown in Table 1 for the large data sets. The total 
X 2 = 1954/1811. For MRST The total x 2 = 2328/2097 - but the errors are 
treated differently, and different data sets and cuts are used. The same sort of 
conclusion is true for other global fits [3-7] (which use fewer data). However, 
there are some areas where the theory perhaps needs to be improved, as we 
will discuss later. 

Table 1 . Quality of fit to data for CTEQ6M 



Data Set 


no. of data 


x 2 


HI ep 


230 


228 


ZEUS ep 


229 


263 


BCDMS \xp 


339 


378 


BCDMS a id 


251 


280 


NMC gp 


201 


305 


E605 (Drell-Yan) 


119 


95 


DO Jets 


90 


65 


CDF Jets 


33 


49 



2 Parton Uncertainties 

2.1 Hessian (Error Matrix) approach 

In this one defines the Hessian matrix H by 

X 2 - Xmin = A X 2 = E ~ a i 0) )( a 3 ~ a f ^ 



H is related to the covariance matrix of the parameters by C{j (a) = Ax 2 (H 1 )^ , 
and one can use the standard formula for linear error propagation. 



(AFf = A x 2 J2^(H) 






dF. 

daj 



-i OF 

ij da j' 



This has been employed to find partons with errors by Alekhin [5] and HI 
[6] (each with restricted data sets), as demonstrated in Fig. 1. 
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Fig. 1. HI determination of the gluon from their own data + BCD MS data with 
an emphasis on g(x,Q 2 ) and as{M%) in the fit 




Fig. 2. Results of CTEQ Hessian approach for the gluon uncertainty 



The simple method can be problematic with larger data sets and numbers 
of parameters due to extreme variations in Ax 2 in different directions in 
parameter space. This is solved by finding and rescaling the eigenvectors of 
H (CTEQ [24,25,2]) leading to the diagonal form 

^ ! = E 2 . 2 - 



The uncertainty on a physical quantity is then given by 
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where S|~^ and s| ^ are PDF sets displaced along eigenvector directions by 
a given Ay 2 . Similar eigenvector parton sets have also been introduced by 
MRST [26]. However, there is an art in choosing the “correct” Ay 2 given the 
complication of the errors in the full fit [27]. Ideally Ay 2 = 1, but this leads to 
unrealistic errors. CTEQ choose Ay 2 ~ 100, which is perhaps conservative. 
MRST choose Ay 2 ~ 50. An example of results is shown in Fig. 2. 



ZEUS 




Fig. 3. Parton densities and their errors extracted by fits by ZEUS 



2.2 Offset method 

In this the best fit is obtained by minimizing 

i=1 \ a i,unc / 

i.e. the best fit and parameters ao are obtained using only uncorrelated errors, 
forcing the theory to be close to unshifted data. The quality of the fit is 
estimated by adding errors in quadrature. The systematic errors on the d\ are 
determined by letting each Sk = ±1 and adding the deviation in quadrature, 
or equivalently by calculating 2 Hessian matrices 

g2 2 q2 2 

M = ■ A V = A 

13 ddiddj 13 ddidsj 7 

and defining covariance matrices 

C stat = M~ l C sys = M~ 1 VV t M - 1 Ctot = c stat + C sys , 

which is used in practice. This was used in early HI [28] and ZEUS [3] fits. It 
is still used by ZEUS [7], as shown in Fig. 3, and is a conservative approach 
to systematic errors leading to a bigger uncertainty for a given Ay 2 . 
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2.3 Statistical approach 

In principle one constructs an ensemble of distributions labelled by T each 
with probability P({F}), where one can incorporate the full information 
about measurements and their error correlations into the calculation of P({P}) 
This is statistically correct, and does not rely on the approximation of linear 
propagation errors in calculating observables. However, it is inefficient, and 
in practice one generates N p dj ( N p df can be as low as 100) different distri- 
butions with unit weight but distributed according to P({P}) [4]. Then the 
mean fio and deviation go of an observable O are given by 

Npdf Npdf 

» = JTZ £ °({*U « 2 o = tfZ E (0 ( W) - ») 2 . 

iy pdf 1 iy pdf 1 

Currently this approach uses only proton DIS data sets in order to avoid 
complicated uncertainty issues, e.g. shadowing effects for nuclear targets, and 
also demands consistency between data sets. However, it is difficult to find 
many truly compatible DIS experiments, and consequently the Fermi2001 
partons are determined by only HI, BCDMS, and E665 data sets. They result 
in good predictions for many Tevatron cross-sections. However, the restricted 
data sets mean there is restricted information - data sets are deemed either 
perfect or, in the case of most of them, useless - leading to unusual values 
for some parameters, e.g. as(M f ) = 0.112 ± 0.001 and a very hard dy(x) at 
high x (together these facilitate a good fit to Tevatron jets independent of the 
high-x gluon). These partons would produce some extreme predictions. Nev- 
ertheless, the approach does demonstrate that the Gaussian approximation 
is often not good, and therefore highlights shortcomings in the methods out- 
lined in the previous sections. It is a very attractive, but ambitious large-scale 
project, still in need of some further development, in particular the inclusion 
of a wider variety of data. 

2.4 Lagrange multiplier method 

This was first suggested by CTEQ [23] and has been concentrated on by 
MRST [26] . One performs the fit while constraining the value of some physical 
quantity, i.e. one minimizes 

^(A,a) = X 2 global( a ) + XF (a) 

for various values of A. This gives a set of best fits for particular values of the 
quantity F(a) without relying on the quadratic approximation for y 2 . The 
uncertainty is then determined by deciding an allowed range of A \ 2 . One can 
also easily check the variation in y 2 for each of the experiments in the global 
fit and ascertain if the total A\ 2 is coming specifically from one region, which 
might cause concern. In principle, this is superior to the Hessian approach, 
but it must be repeated for each physical process. 
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2.5 Results 

I choose the cross-section for W and Higgs production at the Tevatron and 
LHC (for Mh = 115GeV) as examples. Using their fixed value of as(M^) = 
0.118 and Ay 2 = 100 CTEQ obtain 

ZW(LHC)^±4% Aaw(Tev) « ±5% Aa H (LHC) w ±5%. 

Using a slightly wider range of data, Ay 2 ~ 50 and as(M|) = 0.119 MRST 
obtain 

Acqy(Tev) & ±1.2% Aow(LHC) & ±2% 

Aa H (Tev) « ±4% Aa H (LHC) w ±2%. 

MRST also allow as(M|) to be free. In this case Aaw is quite stable but 
Aoh almost doubles. Contours of variation in y 2 for predictions of these 
cross-sections are shown in Fig. 4. 



x 1 < KAW ill y- inttvavc BiHipli at Ihf 

W ;in.S H *« TEVATRON w ami H aft tariff at ihe LHC 





Fig. 4. x 2 -plot for W and Higgs production at the Tevatron (left) and LHC (right) 
with as free and fixed at as = 0.119 

Hence, the estimation of uncertainties due to experimental errors has 
many different approaches and different types and amount of data actually 
fit. Overall the uncertainty from this source is rather small - only more 
than a few % for quantities determined by the high x gluon and very high 
x down quark. However, different approaches can lead to rather different 
central values, as illustrated for determinations of as(M|) in Table 2. This 
shows that there are other matters to consider. As well as the experimental 
errors on data we need to determine the effect of assumptions made about 
the fit, e.g. cuts made on the data, the data sets fit, the parameterization 
for input sets, the form of the strange sea, etc.. Many of these can be as 
important as the errors on the data used (or more so) . This is demonstrated 
in Fig. 5 which shows the predictions for W and Higgs production at the 
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Tevatron from MRST2001 and CTEQ6. As well as the consequences of these 
assumptions we must also consider the related problem of theoretical errors. 

Table 2 . Values of a s (M%) and its error from different NLO QCD fits 



Group 


^x 2 


as(Ml) 


CTEQ 6 


-4x 2 = 100 


0.1165 ±0.0065 (exp) 


ZEUS 


*xl ff = 50 


0.1166 ± 0.0049(exp) ± 0M18(model) ±0.004(theory) 


MRST01 


4x 2 = 20 


0.1190 ± 0.002(exp) ± 0.003 (theory) 


HI 


21 X 2 = 1 


0.115 ± 0.0017(exp)i 0.0005 {model) ±0.005 (theory) 


Alekhin 


Ax 2 = i 


0.1171 ± 0.0015(exp) ± 0.0033(t/ieorp) 


GKK 


AXeff = 1 


0.112 ± 0.001 (exp) 



1 L increase tni glotaJ analysis as Ihc 
W MKl H cffltt sKiitniN jk varied al Lt*e TEVATRDK 




Fig. 5. X 2 -plot for W and Higgs production at the Tevatron with as free. The 
predictions from CTEQ 6 and for fits with only data with x > x cu t retained are 
marked 

3 Theoretical Errors 

3.1 Problems in the fit 

Theoretical errors are indicated by some regions where the theory perhaps 
needs to be improved to fit the data better. There is a reasonably good fit to 
HERA data, but there are some problems at the highest Q 2 at moderate x, i.e. 
in dF 2 /dlnQ 2 , as seen for MRST and CTEQ in Fig. 6. Also the data require 
the gluon to be valencelike or negative at small x at low Q 2 , e.g. the ZEUS 
gluon in Fig. 7, leading to Fl(x, Q 2 ) being negative at the smallest x, Q 2 [1]. 
However, it is not just the low xAow Q 2 data that require this negative gluon. 
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MRST(200J) NLO fit . x= - 0.032 




Q 2 (OcVh Q- (GeV*] 



Fig. 6. Comparison of MRST(2001) F 2 (x,Q 2 ) with HERA, NMC and E665 data 
(left) and CTEQ6 F 2 (x,Q 2 ) with HI data right 

The moderate x data need lots of gluon to get a reasonable di^/dlnQ 2 and 
the Tevatron jets need a large high x gluon, and this must be compensated for 
elsewhere. In general MRST find that it is difficult to reconcile the fit to jets 
and to the rest of the data, and that different data compete over the gluon 
and a$ (Mg). The jet fit is better for CTEQ6 largely due to their different 
cuts on other data. Other fits do not include the Tevatron jets, but generally 
produce gluons largely incompatible with this data. 



3.2 Types of Theoretical Error, NNLO 

It is vital to consider theoretical errors. These include higher orders (NNLO), 
small x (a” ln n_1 (l/x)), large x (a” ln 2n-1 (l — x)) low Q 2 (higher twist), 
etc.. Note that renormalization/factorization scale variation is not a reliable 
method of estimating these theoretical errors because of increasing logs at 
higher orders, e.g. at small x 



a^ 2 ) ln n " 2 (l/aO 



and scale variations of P gg , P gg never give an indication of these logs. 

In order to investigate the true theoretical error we must consider some 
way of performing correct large and small x resummations, and/or use what 
we already know about NNLO. The coefficient functions are known at NNLO. 
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XKL S 




Fig. 7. Zeus gluon and sea quark distributions at various Q 2 values 

Singular limits x — > 1, x — > 0 are known for NNLO splitting functions as well 
as limited moments [29], and this has allowed approximate NNLO splitting 
functions to be devised [30] which have been used in approximate global fits 
[31]. They improve the quality of fit very slightly (mainly at high x) and 
as(M|) lowers from 0.119 to 0.1155. The gluon is smaller at NNLO at low 
x due to the positive NNLO quark-gluon splitting function. There is also a 
NNLO fit by Alekhin [32], with some differences - the gluon is not smaller, 
probably due to the absence of Tevatron jet data in the fit and to a very 
different definition of the NNLO charm contribution. There is agreement in 
the reduction of o:s(M|) at NNLO, i.e. 0.1171 — 0.1143. 

Using these NNLO partons there is reasonable stability order by order for 
the (quark-dominated) W and Z cross-sections, as seen in Fig. 8. However, 
the change from NLO to NNLO is of order 4%, which is much bigger than 
the uncertainty at NLO due to experimental errors. Also, this fairly good 
convergence is largely guaranteed because the quarks are fit directly to data. 
There is greater danger in gluon dominated quantities, e.g. Fl{x,Q 2 ), as 
shown in Fig. 9. Hence, the convergence from order to order is uncertain. 

3.3 Empirical approach 

We can estimate where theoretical errors may be important by adopting 
the empirical approach of investigating in detail the effect of cuts on the fit 





Global Fits of Parton Distributions 



67 



quality, i.e. we try varying the kinematic cuts on data. The procedure is to 
change W 2 ut , Q 2 cut and/or x cut , re- fit and see if the quality of the fit to the 
remaining data improves and/or the input parameters change dramatically. 
(This is similar to a previous suggestion in terms of data sets [33].) One then 
continues until the quality of the fit and the partons stabilize [34] . 

For W 2 ut raising from 12.5GeV 2 has no effect. When raising Q 2 cut from 
2GeV 2 in steps there is a slow, continuous and significant improvement for 
Q 2 up to > 12GeV 2 (631 data points cut) - suggesting that any corrections 
are probably higher orders not higher twist. The input gluon becomes slightly 
smaller at low x at each step (where one loses some of the lowest x data), 
and larger at high x. as(M|) slowly decreases by about 0.0015. The fit 
improves for Tevatron jets and BCDMS data. Raising x cut leads to continuous 
improvement with stability reached at x = 0.005 (271 data points cut) with 
as{Mz) 0.118. There is an improvement in the fit to HERA, NMC and 
Tevatron jet data, and much reduced tension between the data sets. At each 
step the moderate x gluon becomes more positive, at the expense of the 
gluon below the cut becoming very negative and Q 2 )/dlnQ 2 being 

incorrect. However, higher orders could cure this in a quite plausible manner, 
e.g. adding higher order terms to the splitting functions 

P . , 3.6a| /ln 3 (l/x) ln 2 (l/x)\ 



gg 






.+ 



4-3A r f a% 
6x 



ln 3 (l/x) ln 2 (l/x) 
6 2 



leaves the fit above x = 0.005 largely unchanged, but solves the problem 
below x = 0.005. (Saturation corrections seem to make the fit worse.) Hence, 
the cuts are suggestive of theoretical errors for small x and/or small Q 2 . 
Predictions for W and Higgs cross-sections at the Tevatron are still safe if 
x cut — 0.005, since they do not sample partons at lower x, and change in 
a smooth manner as x cut is lowered, due to the altered partons above x cut , 
outside the limits set by experimental errors, as seen in Fig. 6. 



4 Conclusions 



One can perform global fits to all up-to-date data over a wide range of pa- 
rameter space, and there are various ways of looking at uncertainties due to 
errors on data alone. There is no totally preferred approach. The errors from 
this source are rather small - ~ 1 — 5% except in a few regions of parameter 
space and are similar using various approaches. The uncertainty from input 
assumptions e.g. cuts on data, parameterizations etc., are comparable and 
sometimes larger, which means one cannot believe one group’s errors. 

The quality of the fit is fairly good, but there are some slight problems. 
These imply that errors from higher orders / resummation are potentially large 
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in some regions of parameter space, and due to correlations between partons 
these affect all regions (the small x gluon influences the large x gluon). Cut- 
ting out low x and/or Q 2 data allows a much-improved fit to the remaining 
data, and altered partons. Hence, for some processes theory is probably the 
dominant source of uncertainty at present and a systematic study is a priority. 
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1 Introduction 

With a center of mass energy of about 300 GeV, the electron proton collider 
HERA makes possible the exploration of the kinematic region of very low x, 
i.e. x < 10 -3 . Here and in the following, x denotes the fraction of the proton’s 
momentum carried by the quark that interacts with the electron. At low x, 
the struck quark usually results from a long cascade of parton branchings as 
illustrated in Fig. 1. Partons at the bottom of the cascade can carry a fraction 




Fig. 1. Typical parton cascade in deep inelastic electron proton scattering at low x 



of the proton’s momentum that is much larger than x. Hence the phase space 
for parton radiations, which precede the quark-electron interaction gets larger 
the smaller x becomes. The evolution of the parton cascade with the photon 
virtuality Q 2 has been successfully calculated in a wide Q 2 and x range 
using the DGLAP ansatz [1]. In the DGLAP parton evolution equations, 
(a s In Q 2 ) n terms are considered to be dominant and taken into account to 
all orders. Such terms correspond to characteristic radiation patterns in the 
parton cascade. The DGLAP evolution neglects (a s ln( l/x)) n terms, which 
however, could become significant at the low x values reached with HERA. 
Such terms are taken into account in the BFKL parton evolution equations 
[2]. This article investigates whether the low x data at HERA can still be 

* for the HI and ZEUS collaborations 
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described by the DGLAP ansatz or if one has already entered a different 
regime. 

This question can be studied experimentally in two different ways. By 
measuring the scattered electron in ep-interactions, one can determine inclu- 
sive cross sections as functions of x and Q 2 . This method provides indirect 
information about the parton cascade. Alternatively, one can measure final 
state particles, the momenta of which can be correlated with that of the par- 
tons radiated in the cascade. In this article both approaches are discussed. 

2 Formalism and Theory 

Deep inelastic ep scattering via photon exchange can be described in terms 
of two structure functions: 

d% ~ 2 ^{(i + (i-y) 2 )FM 2 )-y 2 Fl(x, « 2 }] 

Here, y denotes the fractional energy loss of the electron in the proton rest 
frame. The contribution from the longitudinal structure function Fl is sup- 
pressed by a factor of y 2 and neglected in the following. In the quark parton 
model the structure function F 2 is related to the quark and antiquark mo- 
mentum densities in the proton and their squared charges: 

F2 = 'F e i X ( qi + &) 

i 

Parton evolution schemes predict the change of quark and gluon momentum 
densities as a function of Q 2 in the case of DGLAP and as a function of x in 
the BFKL case. The evolutions differ in the higher order contributions to the 
parton cascade (Fig. 1). In DGLAP the radiated partons are strongly ordered 
in transverse momentum, i.e. kn + 1 kn . In contrast to this, the BFKL 

evolution leads to a strong ordering of the energies of the radiated partons, 
i.e. xi + 1 <C Xi , however, the partons are not ordered in their transverse 
momenta. Finally in the CCFM ansatz [3], the radiated partons are ordered 
in their emission angles 6 relative to the proton direction, i.e. Oi+i > Qi. 

The above evolutions can only be applied in a restricted kinematical re- 
gion. For photon virtualities Q 2 < 1 GeV 2 , a s becomes large, so that per- 
turbation theory will not work. The evolution equations are also expected to 
break down at very small x. Here terms which are non-linear in the parton 
densities, describing recombination of gluons for example, need to be added 
to the evolution equations. 

Figure 2 shows the kinematical reach of HERA in the Q 2 , x plane. The per- 
turbative regime Q 2 2 GeV 2 is probed with HERA down to x « 4 • 10 -5 . 
Even lower x values down to « 10~ 6 , have been reached in the non-perturbative 
regime Q 2 1, 1 GeV 2 . 
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Fig. 2. The kinematic reach of the HI and ZEUS experiments at HERA and of 
various fixed target experiments 




3 Results 

The results presented here, are based on selected HERA I data from the years 
1995-2000, during which time the HERA collider was operated with 820 or 
920 GeV protons colliding with 27.5 GeV positrons or electrons. 

3.1 Inclusive measurements 

Figure 3 shows F 2 measurements at low x made by the ZEUS collaboration as 
discussed in [4]. The data are plotted as function of x in bins of Q 2 . Generally 
one observes a rise of F 2 towards low x and towards high Q 2 . Overlaid on the 
data is a next-to-leading order QCD fit [4] based on the the DGLAP ansatz. In 
the fit, the proton parton densities are parametrised at a scale Q$ ~ 7 GeV 2 
and then evolved via the DGLAP equations to other Q 2 values. The fit uses 
measurements of F 2 with Q 2 > 2.5 GeV 2 to determine the parton density 
parameters. 

As shown in Fig. 3 excellent agreement between the fit and the data is 
obtained down to Q 2 ~ 1.5 GeV 2 . The rise of F 2 towards low x and high 
Q 2 can be ascribed to the rising proton gluon density, which contributes 
to F 2 through the processes illustrated in Fig. 1. Below Q 2 < 1 GeV 2 , the 
rise of F 2 towards lowest x continues, but gets much flatter. The DGLAP 
based fit clearly fails to describe the data. However, as explained above, the 
perturbative approach, as implemented in the fit, is not expected to work in 
this kinematic region. 
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ZEUS 




Fig. 3. F2 structure function measurements of the ZEUS experiment at low and 
very low values of Q 2 . The data are shown as function of x in bins of Q 2 . Overlaid 
is a DGLAP based Next- to- leading order QCD fit. 

3.2 Exclusive results 

Ideally, one would like to measure the momenta of all the partons in the 
cascade as illustrated in Fig. 1. Unfortunately the radiated gluons or quarks 
cannot be directly detected. However, the final state particles produced in 
the hadronisation of the partons are measurable and can reveal information 
about their partonic forebears. The HI experiment recently presented new 
measurements [5] of energetic jets and single 7r°-mesons produced in the for- 
ward region, i.e. the region around the proton direction, where most of the 
parton radiation appears. The results for 7r°~mesons are discussed here. The 
selection applied by HI is listed in table 1. It aims at enhancing production 
topologies typical for BFKL cascades. Figure 4 shows for events with an iden- 
tified 7T°, the differential cross-sections da/dx in three bins of Q 2 as a function 
of x. Generally, the observed cross sections fall steeply as x increases. The 
data are compared to three Monte Carlo simulations. The RAPGAP Monte 
Carlo [6] labeled DIR (LO DGLAP), contains a DGLAP based leading order 
calculation. This model clearly undershoots the data. A much better descrip- 
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2 < Q 2 < 70 GeV* 
o < < 25" 

> 2 ' 5 GeV 

.r_i! — E n n / Ep > D .Ul — E* i> > H GcY 

Table 1. HI selection cuts applied for events with forward 7 r°-mesons 




Fig. 4. Differential cross sections da/dx for events with an identified forward i r°. 
The data are compared to predictions based on the DGLAP equations, i.e. RAP- 
GAP with direct and resolved 7 interactions and to predictions based on the CCFM 
equations, i.e, CASCADE. 



tion is obtained by the RAPGAP Monte Carlo labeled as DIR+RES, in which 
resolved photon processes are included. In such processes the photon fluctu- 
ates into a quark- antiquark pair, develops a hadronic structure, which then 
interacts with the proton. These so-called resolved photon events emulate in 
a simple way higher order processes, which indeed seem to be apparent in the 
data. The third model, compared to the data is the CASCADE Monte Carlo 
[7], containing a leading order implementation of the CCFM equations. As 
can be seen in Fig. 4, CASCADE provides a moderately successful description 
of the data at high Q 2 , but fails at lower Q 2 . 
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4 Summary 

Recent results have been presented on physics at low x measured at the 
HERA electron proton collider. Inclusive ep — >> epX data, i.e. measurements 
of F 2 , are well described by QCD fits based on the DGLAP ansatz over 
the whole accessible x range for Q 2 >2 GeV 2 . No clear signs are found 
in the data for additional higher oder terms a a s lnl/x, as considered in 
the BFKL parton evolution equations. Measurements of final state particles 
from ep epX -scattering at low x are used to gain further insight. The 
measured yield of energetic 7r°-mesons, emitted close to the proton direction, 
clearly overshoot Monte Carlo simulations based on leading order DGLAP 
calculations. A much better description is obtained if one includes in the 
simulation the effects of the hadronic structure of the photon. A leading order 
Monte Carlo implementation of the CCFM evolution does not describe the 
x and Q 2 dependences of the 7r° data. Interpretation of the exclusive data 
would be aided if Monte Carlo simulations based on next-to-leading order 
QCD calculations were available, as this would reduce the uncertainties in 
the theory that is compared to the data. 
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1 Introduction 

The steep rise of the gluon distribution xG(x, Q 2 ) and structure function 
F 2 (x, Q 2 ) of the proton towards small Bjorken x = Q 2 /s is one of the most 
exciting observations at the HERA experiments [1]. The experimental re- 
sults show a rise of the total 7 *p cross section, a*^s,(3 2 ), with increasing 
c.m. energy yfs which becomes stronger with increasing photon virtuality 
Q 2 . In hadronic interactions, the rise of the total cross sections is limited: 
The Froissart bound, derived from very general principles such as unitarity 
and analyticity of the S'-matrix, allows at most a logarithmic energy depen- 
dence of the cross sections at asymptotic energies [2]. Analogously, the rise 
of cr^°f (s, Q 2 ) is expected to slow down. The microscopic picture behind this 
slow-down is the concept of gluon saturation: Since the gluon density in the 
proton becomes large at high energies y/s (small x), gluon fusion processes are 
expected to tame the growth of cr^ p (s, Q 2 ), and it is a key issue to determine 
the energy at which these processes become significant. 

In this talk we give predictions for saturation effects in hadronic cross 
sections using the loop-loop correlation model (LLCM) that provides a uni- 
fied description of hadron-hadron, photon-hadron, and photon-photon reac- 
tions [3]. The saturation effects are in agreement with S'-matrix unitarity 
constraints and result from multiple gluonic interactions between the scat- 
tered particles. We show how these manifestations of S-matrix unitarity can 
in principle be observed in future cosmic ray and accelerator experiments at 
ultra-high energies. The c.m. energies and Bjorken x at which saturation sets 
in are determined and LHC and THERA predictions are given. The presented 
results are extracted from [3] where more details can be found. 



2 The Loop-Loop Correlation Model 

The loop-loop correlation model (LLCM) [3] is based on the functional in- 
tegral approach to high-energy collisions [4-7]. Accordingly, the T-matrix 
element for elastic proton-proton (pp) scattering at c.m. energy squared s 
and transverse momentum transfer q± (t = — q]_) reads 

Tpp(s,t) = 2isjd 2 b± e iq±b± J pp (s, |bj_|) 



(1) 
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Jpp( s i |frj_|) 



Jdz 1 d 2 r 1 Jdz 2 d 2 r 2 \i> p {zi,r 1 )\ 2 \'ilj p (z2,r2 )\ 2 
x [1 - S DD (s, b±, zi,ri, z 2 , r 2 )\ 



(2) 



where the correlation of two light-like Wegner-Wilson loops 



SnD{s,b± , 



W [Cl ] W [C 2 ]\ with W[Ci] = \ Tr P exp 

^ / G o 



i 9 (fdz^Q^z) 

JCi 



( 3 ) 

describes the elastic scattering of two light-like color dipoles ( DD ) with 
transverse size and orientation r* and longitudinal quark momentum frac- 
tion zi at impact parameter 6 j_, i.e. the loops C{ represent the trajectories 
of the scattering color dipoles. For elastic pp scattering, the color dipoles 
are given in a simplified picture by a quark and diquark in each proton 
with Vi and Zi distributions described by the simple phenomenological Gaus- 
sian wave function \^ p (zi, 77 ) | 2 . For reactions involving (virtual) photons, the 
quark and antiquark in the photon form a color dipole whose 77 and Zi dis- 
tribution is described by the perturbatively derived photon wave function 
|^ 7 * L ( z ii r ii Q 2 )\ 2 - To account for the non-perturbative region of low Q 2 in 
the photon wave function, quark masses rrif(Q 2 ) are used that interpolate 
between current quarks at large Q 2 and constituent quarks at small Q 2 [ 8 ]. 

In contrast to the wave functions, the loop-loop correlation function Sdd 
is universal for pp, y*p, and 77 reactions [3]. We compute Sdd in the Berger- 
Nachtmann approach [9], in which ^-matrix unitarity is respected, and de- 
scribe the QCD interactions between the color dipoles by combining the non- 
perturbative stochastic vacuum model [ 10 ] with perturbative gluon exchange. 
This combination allows us to describe long and short distance correlations 
in agreement with numerical lattice computations [ 11 ] and leads to the static 
quark-antiquark potential with color Coulomb behavior for small source sepa- 
rations and confining linear rise for large source separations [12]. Two compo- 
nents are obtained of which the perturbative (P) component, (x P ) 2 , describes 
two-gluon exchange and the non-perturbative ( NP ) component, ( x NP ) 2 > the 
corresponding non-perturbative two-point interaction [13]. Ascribing a weak 
(e NP = 0.125) and strong (e p = 0.73) powerlike energy dependence to the 
non-perturbative and perturbative component, respectively, 




our final result for Sdd reads 



Sdd = - cos 





COS 




+j cos 


Ix^s) 


COS 


2 p ( x 

[3* w j 



. (5) 



The cosine functions ensure the unitarity condition in impact parameter space 
as they average to zero in the integration over the dipole orientations at 
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very high energies. In fact, the higher order terms in the expansion of the 
cosine functions describe multiple gluonic interactions that are crucial for the 
saturation effects shown below: They tame the rise of hadronic cross sections 
and the gluon distribution in the proton xG(x, Q 2 ) at ultra-high energies [3]. 

3 Saturation in Proton-Proton Scattering 

The profile function (2) is a measure for the blackness or opacity of the inter- 
acting protons and gives an intuitive geometrical picture for the energy de- 
pendence of pp reactions: As shown in Fig. 1, the protons become blacker and 
larger with increasing c.m. energy y/s. At ultra-high energies, y/s > 10 6 GeV, 
the opacity saturates at the black disc limit first for zero impact parameter 
while the transverse expansion of the protons continues. For purely imaginary 
elastic amplitudes, expected at high energies, the black disc limit is a strict 
unitarity bound that limits the height of the profile function at J^ ax = 1 for 
proton wave functions normalized to one . Thus, the saturation of the profile 
function is an explicit manifestation of S'-matrix unitarity. 




ISlI M 



Fig. 1 . The profile function for proton-proton scattering J pp (s , |6j_|) as a function 
of the impact parameter |6j_| for c.m. energies from y/s = 10 GeV to 10 8 GeV 



The total pp cross section is obtained directly from the profile function (2) 

= 1 Im T pp (s, t= 0) = 2 j d 2 b ± J pp (s, |6 ± |) . (6) 

and shows saturation effects in principle observable in experiments. As can be 
seen in Fig. 2, the saturation of J pp (s, |6jl|) tames the growth of cr%£(s): There 
is a transition from a power-like to an ln 2 -increase of cr p °/(s), which respects 
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the Froissart bound [2], at about y/s ~ 10 3 TeV. Thus - according to our 
model - the onset of the black disc limit in pp collisions is about two orders 
of magnitude beyond LHC energy yfs — 14TeV and clearly out of reach 
for accelerator experiments in the near future. Here cosmic ray experiments 
might help that have access to energies of up to about 10 8 TeV. 




Fig. 2. The total cross section a tot as a function of the c.m. energy y/s for pp, pp, 
7 x ± p, K ± p, 7 p and 77 scattering. The solid lines represent the LLCM results for 
pp, 7 v + p, K + p, 7 p and 77 scattering and the dashed lines the ones for pp, ir~p, 
and K~p scattering. The pp, pp, 7r ± p, K±p, 7 p [14] and 77 data [15] taken at 
accelerators are indicated by the closed circles while the closed squares (Fly’s eye 
data) [16] and the open circles (Akeno data) [17] indicate cosmic ray data 



The evolution of the profile function towards its saturation at the black 
disc limit is already interesting below y/s « 10 3 TeV. Here the key quantity 
is the differential elastic cross section which is obtained for purely imaginary 
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T-matrix elements by Fourier transforming the profile function (2) 






167TS 2 |Tpp(M)|2 - 4 tt 



Jpp(a,\b ± \) 



( 7 ) 



Thus, the agreement of our model results with the data up to yfs — 1.8 TeV 
shown in Fig. 3 is an important verification of the profiles shown in Fig. 1 
up to yfs — 10 3 GeV. The deviations from the data in the dip region are not 
surprising since we work with a purely imaginary T-matrix element [3]. A 



0 0.5 1 1.5 2 0 0.5 1 1.5 2 2.5 




Fig. 3. The differential elastic cross section for pp and pp scattering as a function of 
the squared momentum transfer |t|. The LLCM results ( solid line) are compared for 
yfs — 23.5, 30.7, 44.7 and 63 GeV to the CERN ISRpp data [18], for fs = 546 GeV 
to the CERN SppS data [19], and for yfs = 1.8 TeV to Fermilab Tevatron pp 
data [20,21] ( open circles ) 



80 



Arif I. Shoshi and Frank D. Steffen 



real part is expected to be important in the dip region which is negligible in 
comparison to the imaginary part in the small \t\ region. Moreover, our model 
describes the pomeron (C = +1) contribution but not the odderon (C = — 1) 
contribution important for the difference between pp and pp reactions. 

It will be very interesting to see the pp differential elastic cross section 
measured at LHC and the associated profile function. Our prediction for 
d(Tpp/dt at yfs = 14TeV is shown in Fig. 4. The associated profile is close to 
the dotted line in Fig. 1 and thus below the black disc limit. 




Fig. 4. The LLCM prediction of the pp differential elastic cross section at LHC 
(y/s = 14TeV) as a function of the squared momentum transfer |t| 



4 Gluon Saturation 

Based on the close relationship between the longitudinal structure function 
Fl(x,Q 2 ) and the gluon distribution of the proton xG(x,Q 2 ) at small x, 
the impact parameter dependent gluon distribution xG(x , Q 2 , |6j_|) has been 
related to the profile function [3] J 7 * lP (s = Q 2 /x , |6j_|, Q 2 ) 

G 2 7T 

xG{x,Q 2 ,\b ± \)& 1.305-^ J rrP (0A17x,\b ± \,Q 2 ) . (8) 

7 r z a s a L 

Consequently, the shape of xG(x, Q 2 , |6j_|) is determined by the profile func- 
tion J 7 ^ p (5, |6j_|, Q 2 ) which is obtained from (2) by replacing \^ p (zi,ri)\ 2 




Saturation Effects in Hadronic Cross Sections 81 

with the squared light-cone wave function for a longitudinally polarized pho- 
ton |-0 7 * (^i,ri,Q 2 )| 2 [22]. Thus, the blackness described by the profile func- 
tion is a measure for the gluon distribution and the black disc limit corre- 
sponds to the maximum of the gluon distribution that can be reached at a 
given impact parameter. In accordance with the behavior of the profile func- 
tion J 7 * p , see Fig. 5a, the gluon distribution xG(x,Q 2 , |bj_|) decreases with 
increasing impact parameter for given values of x and Q 2 . The gluon density, 
consequently, has its maximum in the geometrical center of the proton, i.e. 
at zero impact parameter, and decreases towards the periphery. With de- 
creasing x at given Q 2 , the gluon distribution xG(x,Q 2 , |6j_|) increases and 
extends towards larger impact parameters just as the profile function 
for increasing s. The saturation of the gluon distribution xG(x, Q 2 , |6j_|) sets 
in first in the center of the proton, |6j_ | = 0, at very small Bjorken x. 




\b ± \ [fm] 




Fig. 5. (a) The profile function (ir/a) J 7 £ p (s, |6j_|, Q 2 ) as a function of the im- 
pact parameter |6j_| at photon virtuality Q 2 = 1 GeV 2 for c.m. energies from yfs = 
10 GeV to 10 9 GeV. (b) The gluon distribution of the proton at zero impact param- 
eter, xG(x, Q 2 , | 6l| = 0), as a function of x = Q 2 /s for Q 2 = 1, 10 and 100 GeV 2 



Using a proton wave function normalized to one, the black disc limit is 
given by the normalization of the longitudinal photon wave function 

J™{p{Q 2 ) = J dzd 2 r\ipY L (z, r , Q 2 )\ 2 , (9) 

which depends on the photon virtuality Q 2 . This limit J™^(Q 2 ) induces the 
upper bound on xG(x, Q 2 ,16x1) and determines the low-x saturation value 

xG(x,Q 2 , l&jj) < xG max (Q 2 ) w 1.305 - J™. a p x (Q 2 ) « - ( 10 ) 

7 r z a s a ,Ly 7r z a s 



which is consistent with complementary investigations [23] and indicates 
strong color field strengths G a ^ v ~ 1/ -yja~ s as well. 
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In Fig. 5b, the small-x saturation of the gluon distribution at zero impact 
parameter xG(x,Q 2 , |6j_| = 0) is illustrated for Q 2 = 1 , 10 and 100 GeV 2 as 
obtained in the LLCM. The saturation occurs at very low values of x < 10“ 10 
for Q 2 > 1 GeV 2 . The photon virtuality Q 2 determines the saturation value 
(10) and the Bjorken x at which it is reached: For larger Q 2 , the small- a; 
saturation value is larger and is reached at smaller values of x. Moreover, 
the growth of xG(x,Q 2 , |bj_| = 0) with decreasing x becomes stronger with 
increasing Q 2 . This results from the stronger energy increase of the perturba- 
tive component in the LLCM, e p = 0.73, that becomes more important with 
decreasing dipole size. In conclusion, our approach predicts the onset of the 
xG(x, Q 2 , |6j_ |) saturation for Q 2 > 1 GeV 2 at x ^ 10 -10 which is far below 
the ^-regions accessible at HERA (x <: 10“ 6 ) and THERA (x > 10 -7 ). 

Note that the ^-matrix unitarity condition together with relation (8) 
requires the saturation of the impact parameter dependent gluon distribution 
xG(x,Q 2 , |6 _l|) but not the saturation of the integrated gluon distribution 
xG(x,Q 2 ). Indeed, approximating xG(x, Q 2 , |6j_|) in the saturation regime 
by a step-function, xG(x, Q 2 , |6j_|) « xG max (Q 2 ) 0( R(x , Q 2 ) — |6j_| ), where 
R(x , Q 2 ) denotes the full width at half maximum of the profile function, one 
obtains 



xG{x,Q 2 ) « 1.305 Q2 R2{ - X ' Q2 y - J™, ax (Q 2 ) 
na s a lLF 



Q 2 R 2 (x,Q 2 ) 



7 r ex c 



(ii) 



which does not saturate because of the increase of the effective proton ra- 
dius i?(x,Q 2 ) with decreasing x. Nevertheless, although xG(x,Q 2 ) does not 
saturate, the saturation of xG(x, Q 2 , |6j_|) leads to a slow-down in its growth 
towards small x. 



5 Conclusion 

We have computed saturation effects in hadronic cross sections with the loop- 
loop correlation model (LLCM). The LLCM combines perturbative and non- 
perturbative QCD in agreement with lattice investigations, provides a unified 
description of pp, y*p, and 77 reactions, and respects the S'-matrix unitarity 
condition in impact parameter space. We have calculated impact parameter 
profiles of pp collisions in good agreement with the data for total and differen- 
tial elastic cross sections. Predictions for measurements of these cross sections 
at the LHC were given. While the effective transverse expansion of the pro- 
ton continues with increasing c.m. energy, the proton opacity in pp collisions 
saturates at the black disc limit for ultra-high energies of yfs > 10 6 GeV ac- 
cording to our model. This saturation tames the growth of the total pp cross 
section in agreement with the Froissart bound. We have computed the impact 
parameter dependent gluon distribution of the proton xG(x, Q 2 , |6j_|) from 
the profile function for 7 £p reactions. The corresponding black disc limit is 
given by the normalization of the photon wave function and imposes a unitar- 
ity bound on xG(x,Q 2 , \b±\). Accordingly, the impact parameter dependent 




Saturation Effects in Hadronic Cross Sections 



83 



gluon distribution xG(x,Q 2 , |6j_|) saturates for Q 2 ^ lGeV 2 at x ^ 10 -10 , 
which tames the steep rise of the integrated gluon distribution xG(x,Q 2 ) 
towards small x. 
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1 Why NNLO Calculations are Important 

In the past decade, QCD has become a quantitative science and comparisons 
of experimental data with NLO QCD have become the standard. However, 
there are many reasons why extending perturbative calculations to NNLO is 
vital in reducing the theoretical uncertainty. In the following we list six of 
them. 



1.1 Renormalisation scale uncertainty 

In many cases, the uncertainty from the pdf’s and from the choice of the 
renormalisation scale /i# give uncertainties that are as big as or bigger than 
the experimental errors. Of course, the theoretical prediction should be inde- 
pendent of /iR. However, a scale dependence is introduced by truncating the 
perturbative series. The change due to varying the scale is formally higher 
order. If an observable Obs is known to order 

N 

Ob s = y^ n (/ifl)ag ( iir ), 
o 



then, 



<91n(/4) 



Obs = G(a f +1 ). 



Often the uncertainty due to uncalculated higher orders is estimated by vary- 
ing the renormalisation scale upwards and downwards by a factor of two 
around a typical hard scale in the process. However, the variation only pro- 
duces copies of the lower order terms, 

e.g. 

Obs = A\ 0 t s ([ ir) + ^2 + boAi In + — 



A 2 will generally contain infrared logarithms and constants that are not 
present in A\ and therefore cannot be predicted by varying fiR. For exam- 
ple, A\ may contain infrared logarithms L up to L 2 , while A 2 would contain 
these logarithms up to L 4 . fiR variation is only an estimate of higher order 
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Fig. 1 . Single jet inclusive distribution at Et = 100 GeV and 0.1 < \rj\ < 0.7 at 
y/s = 1800 GeV at LO, NLO and NNLO. The solid and dashed red lines how the 
NNLO prediction if A4 = 0, A\ = ±A\/A 2 respectively. The same pdf’s and a s are 
used throughout. 



terms and a large variation probably means that predictable higher order 
terms are large. 

To illustrate the improvement in scale uncertainty that may occur at 
NNLO, let us consider the production of a central jet in pp collisions. The 
renormalisation scale dependence is entirely predictable, 

= oi 2 s (iir)Ao + al(fiR) (Ai + 2boLA 0 ) 

+ a^(/i#) (^2 + 3boLAi + (3 b^L 2 + 2biL)Ao ) 

with L = log (pr/Et)- A 2 and A% are the known LO and NLO coefficients 
while A 4 is the presently unknown NNLO term. Inspection of Fig. 1 shows 
that the scale dependence is systematically reduced by increasing the number 
of terms in the perturbative expansion. At NLO, there is always a turning 
point where the prediction is insensitive to small changes in /ir. If this occurs 
at a scale far from the typically chosen values of hr , the if-factor (defined 
as K = 1 + a s (fiR)As/ A 2 ) will be large. At NNLO the scale dependence is 
clearly significantly reduced, although a more quantitative statement requires 
knowledge of A 4 . 
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1.2 Factorisation scale dependence 

Similar qualitative arguments can be applied to the factorisation scale in- 
herent in perturbative predictions for quantities with initial state hadrons. 
Including the NNLO contribution reduces the uncertainty due to the trunca- 
tion of the perturbative series. 



1.3 Jet algorithms 

There is also a mismatch between the number of hadrons and the number of 
partons in the event. At LO each parton has to model a jet and there is no 
sensitivity to the size of the jet cone. At NLO two partons can combine to 
make a jet giving sensitivity to the shape and size of the jet cone. Perturbation 
theory is starting to reconstruct the parton shower within the jet. This is 
further improved at NNLO where up to three partons can form a single jet, 
or alternatively two of the jets may be formed by two partons. This should 
lead to a better matching of the jet algorithm between theory and experiment. 

1.4 Transverse momentum of the incoming partons 

At LO, the incoming particles have no transverse momentum with respect to 
the beam so that the final state is produced at rest in the transverse plane. 
At NLO, single hard radiation off one of the incoming particles gives the final 
state a transverse momentum kick even if no additional jet is observed. In 
some cases, this is insufficient to describe the transverse momentum distribu- 
tion observed in the data and one appeals to the intrinsic transverse motion 
of the partons confined in the proton to provide an enhancement. However, at 
NNLO, double radiation from one particle or single radiation off each incom- 
ing particle gives more complicated transverse momentum to the final state 
and should provide a better, and more theoretically motivated, description 
of the data. 



1.5 Power corrections 

Current comparisons of NLO predictions with experimental data generally re- 
veal the need for power corrections. For example, in electron-positron annihi- 
lation, the experimentally measured average value of 1-Thrust lies well above 
the NLO predictions. The difference can be accounted for by a 1 /Q power 
correction. While the form of the power correction can be theoretically mo- 
tivated, the magnitude is generally extracted from data and, to some extent, 
can be attributed to uncalculated higher orders. Including the NNLO may 
therefore reduce the size of the phenomenological power correction needed to 
fit the data. 

Before the calculation of the NNLO contribution it is not possible to make 
a more quantitative statement. However to illustrate the qualitative point, 
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Fig. 2. The average value of (1 — T) given by Eq. 1 showing the NLO prediction 
(dashed), the NLO prediction with power correction of A = 1 GeV (solid) and an 
NNLO estimate with A 3 = 3 and a power correction of A = 0.5 GeV (dots). 



let us take the simple example of an observable like (1 — T) which can be 
modelled by the simplified series, 

(1 ~T) = 0.33 a s (Q) + 1.0 a s (Q ) 2 + A 3 a s (Q ) 3 + A (1) 

with a s (Q) ~ 67r/23/log(Q/yl) and A = 200 MeV. Fig 2 shows the NLO per- 
turbative prediction A 3 = 0, A — 0 as well as the NLO prediction combined 
with a power correction, A 3 = 0, A = 1 GeV which can be taken to model 
the data. If the NNLO coefficient turns out to be positive (which is by no 
means guaranteed), then the size of the power correction needed to describe 
the data will be reduced. For example, if we estimate the NNLO coefficient 
as A 3 = 3, which is large but perhaps not unreasonable, then the NLO pre- 
diction plus power correction can almost exactly be reproduced with a power 
correction of the same form, but A = 0.6 GeV. We are effectively trading a 
contribution of 0(1/Q) for a contribution of 1/ log 3 (Q/A). At present the 
data is insufficient to distinguish between these two functional forms. 

1.6 The shape of the prediction 

It is an oft repeated statement that NLO predictions affect the normalisation 
of the leading order prediction but not the shape of the distribution. This is 
wrong for two reasons. First, as indicated in Table. 1, the loop contribution 
gets new kinematic contributions. Of course, each ratio of kinematic scales 
is further multiplied by logarithms and polylogarithms of ratios of scales. 
Second, as the number of final state particles increases, the allowed phase 
space is enlarged - leading, for example, to lower values of thrust in electron- 
positron annihilation and jet production at higher rapidities in hadron-hadron 
collisions. These effects simply cannot be modelled by scaling the lowest order 
cross section. 
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Table 1 . Ratios of kinematic scales for the scattering of unlike massless quarks, 
qq -> q'q 

Kinematic scales Tree One-loop Two-loop 



(u z +t z ) 

— 72 — 



(u 2 -t 2 ) -| 

— 3 — » 1 



y/ y/ 
y/ 



V 

y/ 

y/ 



1.7 Parton densities at NNLO 

Consistent NNLO predictions for processes involving hadrons in the initial 
state require not only the NNLO hard scattering cross sections, but also 
parton distribution functions which are accurate to this order. 

The evolution of parton distributions is governed at NNLO by the three- 
loop splitting functions, which are not fully known at present, although the 
expectation is that they will be determined shortly, see Ref. [1] and references 
theirin. 

The determination of NNLO parton distributions requires a global fit to 
the available data on a number of hard scattering observables, with all ob- 
servables computed consistently at NNLO. At present, the NNLO coefficient 
functions are available for the inclusive Drell-Yan process [2,3] and for deep 
inelastic structure functions [4] . These two observables are by themselves in- 
sufficient to fully constrain all parton species. In particular large transverse 
energy jet production in hadron-hadron collisons provides a vital constraint 
on the gluon at large x and therefore requires the determination of the single 
jet inclusive cross section at NNLO. 

2 Recent Progress in the Field 

There has been enormous progress in calculating two-loop matrix elements in 
the last two years. To a large extent this has been due to breakthoughs in the 
calculation of two-loop master integrals with massless propagators. In tour 
de force calculations through the summer of 1999, Smirnov [5] and Tausk [6] 
computed the planar and non-planar double box master integrals with four 
on-shell legs using Mellin Barnes integrals. The other four four-point master 
integrals needed for the on-shell case were much easier to calculate [7-11]. 

Smirnov has applied the same Mellin Barnes technique to the case where 
one leg is off-shell [12], however, the main break through here is due to 
Gehrmann and Remiddi [13] who have provided expansions for all of the 
relevant master integrals by making use of differential equations for two-loop 
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Table 2. Current status of available two-loop amplitudes for scattering processes 
with all legs on-shell and with one leg off-shell 

On-shell Process Tree Helicity 



x Two- loop amplitudes 



e + e -» fi + fi (e + e ) 


[ 20 ] 




qq -> qq(q'q') 


[ 21 , 22 ] 




q<i-> 99 


[23] 




99^ 99 


[24] 


[25,26] 


99 ->• 77 


— 


[27] 


77 ~ ^ 77 


— 


[28,29] 


qq -7 37 ( 77 ) 


[30] 




Off-shell Process 


e + e qqg 


[31] 


[32,33] 



four point functions [14]. For integrals with singularities through to 1/e 4 it 
proved necessary to introduce two-dimensional harmonic polylogarithms in 
addition to the standard Nielsen poly logarithms. Numerical evaluations of 
the master integrals [15] and analytic continuations have been provided in 
Ref. [16]. 

The next major step is to reduce the tensor integrals appearing in Feyn- 
man diagram calculations to the few master integrals for which series ex- 
pansions are known. The main tool here is integration-by-parts (IBP) [17,18] 
which, for two-loop four point integrals, generates 10 equations relating in- 
tegrals with different powers of propagators. To this can be added the three 
Lorentz Invariance (LI) identities [14]. Together, these equations represent 
the fact that loop integrals exhibit Poincare invariance. Together, the IBP 
and LI equations form a linear system that can be automatically solved with 
algebraic methods to relate all tensor integrals to the master integrals [14,19]. 

These technological tools have allowed the computation of a whole raft of 
two-loop matrix elements for scattering processes with up to one off-shell leg 
as detailed in Table 2. 

A vital check on the infrared structure of these two-loop matrix elements 
is given by Catani [34]. In Catani’s formalism, the singular 0( 1/e 4 ), 0( 1/e 3 ), 
0(1/ e 2 ) structure can be straightforwardly be determined while the non- 
logarithmic coefficient H 2 multiplying the 0(1/ e) can also be extracted. For 
some time, the origins of this formula were lost in transit, however Sterman 
and Tejeda- Yeomans [35] have now rederived it from the basis of factorisation 
of inter-jet and intra-jet radiation and given a more concrete explanation of 
how H 2 is produced. 
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3 What Remains to be Done 

Of course knowledge of the two-loop amplitudes is only one of the ingredients 
needed in the construction of a NNLO parton level Monte Carlo. In addition 
we also need; 

• square of the one-loop 2 — 2 amplitudes, 

• interference of tree and one-loop 2 — > 3 amplitudes, 

• square of the tree-level 2—^4 amplitudes. 

The tree level 2 -» 4 amplitudes have been known for some time, while the 
five point amplitudes with zero [36-38] and one [39-42] off-shell legs have also 
been worked out. 

These latter two processes contribute when either one or two of the par- 
tons are unresolved and there is a much more sophisticated infrared cancel- 
lation between 

• n and n + 1 particle contributions when one particle is unresolved, 

• n and n + 2 particle contributions when two particles are unresolved. 

At present, a detailed method for subtracting the singularities and numeri- 
cally evaluating the finite remainders has not been worked out. 

Nevertheless, the prognosis is favourable. If the rate of technical devel- 
opment maintains its current pace, it is extremely likely that by the time of 
the next workshop, NNLO Monte Carlo’s will be available for some of the 
most basic scattering processes, leading to a more complete and quantitative 
understanding of hard interactions. 
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1 Introduction 

The Tevatron proton-antiproton collider with its large 5-quark production 
cross-section ( a(pp — » 55 ) « 150 fib at yfs — 1.96 TeV) provides an excellent 
environment for studying b (and c) quarks. Unlike the e + e“ 5-factories which 
operate at the T(4s) resonance, all kinds of 5-hadrons B ® , B±, Ab) are 

produced. However the backgrounds at a hadron collider are considerably 
larger than in the relatively clean e + e _ environment. 

The upgraded D0 detector [1] has been taking data for over a year and some 
of the first results concerning heavy flavour production are presented here. 
These include, but are not limited to, a preliminary measurement of the muon 
plus jet cross-section and of the J/^ cross-section. 

2 6-production Cross-section 

Measurements of the 5-quark production cross-section by the CDF and D0 ex- 
periments during Run I (1992-1996) revealed a large discrepancy between 
theoretical predictions and the experimental results (for a summary see for 
example [2]). Since then considerable effort has gone into interpreting these 
results ([3], [4], [5], [6]). Determining which, if any, of these interpretations 
is correct will require further experimental data. In Run II D0 will improve 
previous measurements with an improved momentum resolution and better 
muon triggers which should result in lower systematic and statistical errors. 



2.1 Muon and Jet Cross-section 

In a first step towards measuring the 5-production cross-section D0 has mea- 
sured the cross-section for muons with associated jets. The jets were found 
using a cone algorithm. In order to be associated with a muon, the directions 
of the muon and the jet could not differ by more than AR = 0.7. The sample 
comprised 4.8 pb -1 of data. The result is shown in Fig. 1. The measurement 
is in reasonable agreement with the Monte Carlo predictions (indicated in 
grey). 

* for the D0 Collaboration 
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In order to estimate the 6-quark content in this sample it is necessary to iden- 
tify the 6-jets. The different methods to tag 6- jets at D0 are briefly discussed 
here. 



5 

o 

o 

a 



'10 l 



Ui 

ID 



D0 Run 2 Prel 


iminary 

• Run 2 Preliminary Gats 


~ * - 


MC 


: -f- ■ 






r R =0,5 Cone Jets 


4_ 




= 






> 4 GeV/e 






f hj < Q.e 






.... 1 x . . \ U * i V 

>n to 40 50 60 


1 1 . i ■ 1 1 1 1 > i ■ i > i 

20 00 SO 11 


Q0 



Jet £ r [GeV] 

Fig. 1. Preliminary measurement of the muon plus jet cross-section 



2.2 6-tagging 

Offline, D0 currently uses two different methods to tag 6-jets: Calculating the 
p T t el (see Fig. 2) for muons associated with jets and tagging through impact 
parameter significance. The impact parameter tagging is also implemented 
in the last of the three trigger levels at D0. At a later stage there will also 
be 6-tagging through secondary vertexing and an impact parameter tag at 
an earlier trigger stage (Silicon Track Trigger). 

Tagging 6-jets through p r t el is based on the fact that muons produced in 6- 
decays have a higher p r t el than muons produced in other processes due to the 
high mass of the 6-quark. The exact shape of the p r t el distribution depends 
on the energy of the jet. Fig. 3 shows the p r t el distribution for jets with 20 
GeV < Et < 25 GeV. A fit to the data was performed and the contributions 
of the different subprocesses are indicated in Fig. 3. 

Impact parameter tagging exploits the relatively long lifetime of the 6-quark. 
The impact parameter is defined as the distance of closest approach of a 
track to the primary vertex in the (x, y) plane perpendicular to the beam 
axis. It is positive if the track crosses the corresponding jet axis after (in the 
direction of the jet) the primary vertex. The jet axis is defined by the primary 
vertex and the jet reconstruction in the calorimeter. The impact parameter 
significance is the impact parameter divided by the combined error from the 
primary vertex and the track measurements. Generally, large positive impact 
parameters are associated with 6-jets. Fig. 4(a) shows the impact parameter 
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Fig. 3. pl el distribution using muons reconstructed by the muon system only (lim- 
ited momentum resolution). The curve labelled ‘Fit 5 indicates a fit to the data 



significance distribution for a generic di-jet sample, while Fig. 4 (b) shows 
the distribution for a (6-enriched) high p r t el sample. 

Jets are then tagged as 6-jets by either counting the number of tracks with 
high impact parameter significance (forward multiplicity tag) or, at the jet 
level, by calculating the probability for each track associated with the jet to 
have come from a background event. For 6-jets this probability will be low. 

3 J/'if) Cross-section 

During Run I D0 measured the J/'ip cross-section [7], [8] in the rapidity ranges 
between 2.5 < \p\ < 3.7 and \rj\ < 0.6. In Run II D0 will measure the J/tjj 
cross-section in the range \t]\ < 1.8. A preliminary measurement for two 
different p t ranges is shown in Fig. 5. In the region where the measurements 
overlap it is in good agreement with the CDF and D0 Run I results. 
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(a) (b) 



Fig. 4. (a) Impact parameter significance distribution for a di-jet sample, (b) Im- 
pact parameter significance for a (6-enriched) high pl el sample. The amount of 
background is estimated by mirroring the distribution on the negative side onto 
the positive side (shaded histogram). The excess on the positive side of the his- 
tograms indicates the presence of long-lived particles. It is enhanced in Fig. (b) 
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Fig. 5. Preliminary measurement of the J/'ij) cross-section on 4.8 pb -1 of data. 
There is an additional 30% systematic uncertainty on this measurement which is 
not shown 



4 Other Measurements 

D0 has started to investigate J/'ijj polarisation. The NRQCD factorization 
approach predicts a transverse polarisation of directly produced J/ij) at high 
p t [9], while other theories (e.g. the Color Evaporation Model [10]) predict 
an unpolarised J/i/j. 

D0 will also measure the P(ls) cross-section, but does not expect to be able 
to separate the T(2s) and T(3s) states. 

Apart from heavy flavour production, D0 also has an ambitious programme 
investigating the properties (lifetimes, CP- violation, mixing, etc.) of 6-hadrons 
which is outlined in a different contribution in this volume. 
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1 Introduction 

In QCD perturbation theory, two leading order diagrams are responsible for 
heavy quark production at hadron colliders, quark-anti quark annihilation, 
qq -» QQ and gluon fusion, gg — > QQ. In pp collisions, the quark cross- 
sections are convoluted with the parton density functions, /(#), to obtain 
the hadro-production quark cross-sections as follows: 

dJkfi “ 4 [i + cJfa - (d 

where y and y are the produced quark and anti-quark rapidities, and pt is the 
transverse momentum. The measurable bottom and charm cross-sections at 
hadron colliders are of the final hadronic states. The theoretical cross-sections 
described in Equation 1 are therefore convoluted with the quark fragmenta- 
tion functions obtained from e + e - colliders such as LEP. The inclusive p T dif- 
ferential cross-sections for charm, bottom and top quarks from the LO QCD 
calculations are described in [1]. At y/s — 1.8 TeV, cr(pp cc) a(pp — > bb) 
at low pt and are approximately the same for pt > 40 GeV/c. 

In this paper, the CDF Run I bottom and charm quark production results 
from 118 pb -1 of data collected from 1992 to 1995 during Run I of the 
Fermilab Tevatron are reviewed and the status of the Run II measurements 
are presented. Details of top physics results from CDF are presented in [2]. 



2 Beauty Production at CDF 

2.1 CDF Run I results 

The CDF Run I detector is described in detail in [3]. In Run I, the b quark 
inclusive cross-sections were measured using the the inclusive J/^,^(2s) 
pip, signal from the di-muon triggers with Pt(4>) > 5 GeV/c and pseudo- 
rapidity range, \p(i^)\ < 0.6. A fit to the lifetime distribution of the V’s i s 
used to extract the fraction of b 'ipX events and the b hadron inclusive 
cross-section [4]. The B meson cross-section using the exclusive B J/ij;K* 
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signal with much smaller statistics was also measured [5]. In addition, the 
b hadron inclusive cross-sections were also measured in the modes b — ^ IX 
using data from the high momentum single muon and electron triggers [6] . 

Initially, the b production cross-sections measured at CDF were more than 
a factor of two greater than NLO QCD calculations with default parameters 
[7]. Theory and data could be forced to agree by using extreme values of 
re-normalization and factorization scales. Recent theoretical advances in the 
extraction of the non-perturbative fragmentation functions of the B mesons 
from LEP data in a way that is consistent with the NLO QCD calculations of 
the hadro-production cross-sections have improved agreement between the- 
oretical predictions and CDF data to better than 50% [8] [9]. Results from 
CDF Run I and various theoretical predictions are summarized in Figure 1. 





Fig. 1. CDF inclusive b cross-sections with theoretical predictions from [7] (left). B 
meson cross-sections with theoretical predictions from [8] (center) and [9] (right). 



In addition to the flavor creation diagrams discussed in Section 1, two 
other LO QCD processes contribute to b production in pp: flavor excitation 
and shower fragmentation. Tuning contributions from these processes in MC 
simulations can have a large effect on the total cross-section [10]. To try and 
estimate the contributions from the 3 processes, bb production correlations 
were studied in Run I. The opening angle in the r — plane between the bb 
hadron pair was examined in a recent analysis of the Run I data using bb 
pairs which decay semileptonically into high pt leptons and 6-jets identified 
using displaced secondary vertices. The data distribution from bb angular 
correlations, A(/>(bb), does not agree with the expectations from the LO flavor 
creation diagram in Pythia, as shown in Figure 2. An excess at smaller 
opening angles is seen in the data which implies that contributions from 
flavor excitation and gluon splitting diagrams may be important. 
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Fig. 2. Opening angle in r — <p between 2 b quarks in MC (left) and data (right). 



2.2 Preliminary results from CDF Run II 

The CDF Run II detector is described in detail in reference [11]. The ip signals 
reconstructed from 28 pb -1 of data collected from January 2002 to June 2002 
are shown in Figure 3. 345,000 Jf'ip — > /x/x events and 9,500 ip{2s) — >- /x/x 
events have been reconstructed. The momentum distribution of Jf'ip events in 
Run II compared to the Run I reach is shown. A fit to the lifetime distribution 
of a sub-sample of the J/xp events reconstructed in the SVXII detector is also 
shown in Figure 3. The fraction of J/xp from b — > J/xpX extracted from the 
lifetime fit is 17% for events where pr(J /VO > 4 GeV/c. 




Fig. 3. xp signals in CDF II (left), the transverse momentum distribution of the 
J/xps in Run II (center), and the fit to the inclusive J/xp lifetime (right). 



Exclusive B mesons in the modes B+ — > J/xpK+, B ^ — > J/xpK * , and 
B s — > J/xp(p have also been reconstructed in CDF Run II and are discussed 
in [12]. 

The Run II J/xp and b — > J/xpX cross-section measurements from the 
large statistics samples of inclusive J/xps are well under way. Larger statistics 







Heavy Quark Production at CDF 103 



of b hadrons reconstructed from exclusive decay modes using triggered J/'ip s 
are expected by summer 2003. 

3 Quarkonia Production at CDF 

Non-relativistic quarkonia bound states are best described by Non-Relativistic 
QCD ( NRQCD) theoretical models which are used to predict the hadro- 
production cross-sections [13]. Predictions using both the color-singlet ma- 
trix elements and the higher order, dominant, color-octet matrix elements 
agree well with data at the Tevatron at high pt as shown in Figure 4. 



CQf* 





Fig. 4. Direct CDF J/'ip production data and theoretical predictions (left), T(IS') 
production (right) 



At low momenta, soft gluon effects and non- fragment at ion effects from 
other octet matrix elements that are difficult to calculate theoretically become 
important and cause theory predictions and data to diverge. The NRQCD 
color octet matrix elements can be determined by fitting to the measured Run 

I CDF cross-sections of Y(nS) for pt(T) > 8 GeV/c, where n = 1,2,3 and 
the P-wave states x&(lP) and \b{ 2P). Using the color octet matrix elements 
derived from data, a(T]b(lS)X)/a(T(lS)X) ^ 4.3 is predicted [14]. From 80 
pb _1 of Run I data, 7 candidate events of 775 — » J/'ip J/'ip were observed with 
a potential mass of 944 6±6(s£a£) MeV/c 2 . The large J/'ip statistics from Run 

II will confirm the observation of the 775 and the relative branching fraction 
to the T(IS') can be measured and compared to theoretical predictions. The 
Run I 775 — J/'ip J/'ip potential signal and the Run II Y(nS) — > pp invariant 
mass distributions are shown in Figure 5. 

Inclusion of the color octet in NRQCD leads to a prediction of increas- 
ing transverse polarization of charmonium at high p t [15]. The polarization 
parameter, a, is obtained from an unbinned likelihood fit to the production 
angle distribution of the Run I J/'ip events using a weighed MC distribution 
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Run 1 SVX Data 




Fig. 5. Run I rjb J/'ip J/'ip candidate events (left). Run II T(ns) signals (right). 



which is a mixture of transverse and longitudinal polarizations. A simulta- 
neous fit to the J/'ip lifetime separates prompt J/xp events from b — » J/'ipX 
[16]. The distribution of the a values thus obtained as a function of pr of the 
J/'ip are shown in Figure 6. In the Run I data, a is positive at intermediate 
Pt but does not continue to rise at high px as predicted by theory. 




Fig. 6. The distribution of the polarization parameter, a, as a function of pr of 
the J/'ip for prompt (left) and b J/ip (right) events. The NRQCD prediction is 
the shaded band shown on the left plot. 



4 Charm Production at CDF 

4.1 Run I results 

The D* direct production cross-section was measured in the CDF run I data 
using the inclusive muon triggers with pr{p) > 7.5 GeV/c where the D* is 
reconstructed from the decay chain D * — > D°7t 5 , D° — > Kp, + X. A fit to the 
D° decay vertex lifetime is used to extract the fraction of D* from B mesons. 
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Fig. 7. Run I D* — D° Mass difference (left) and differential cross-section (right). 



The B fraction measured is relatively small and is found to be < 6.5%. Using 
the charm quark branching fraction, c — > D* + = 0.222, charm quark mass 
of 1.5 GeV/c 2 , and a charm Peterson fragmentation function with e q = 0.02 
[17], the total expected theoretical cross-section from NLO QCD is a(pp — > 
D* X) t heory = 240 nb. The total cross-section measured in data is found to be 
higher, a(pp — » D*X)(\rj\ < 1.0, pr > 10 GeV) = 347 ± 65 (stat) d= 58 (syst) 
nb. The transverse momentum spectrum also falls more rapidly than the 
theoretical prediction (Figure 7). 

4.2 Run II charm production cross-sections 

In CDF Run II, the Silicon Vertex Tracker (SVT) [18] reconstructs 2-D tracks 
in the SVXII online, thus allowing triggers on detached vertices at level 2. 
Since January 2002, large samples of D and B mesons from B — > DX decays 
have been collected using SVT [12]. 

To estimate the fraction of D mesons from B — > DX decays, /&, an 
unbinned likelihood fit to the impact parameter, do, of the reconstructed D 
meson measured with respect to the primary vertex is performed. D mesons 
from long lived B decays have large impact parameters when compared to 
prompt Ds. The shape of the impact parameter distribution of SVT triggered 
Ds from B decays, ^(do), is modeled using a Monte Carlo simulation. The 
detector do resolution, Ud(^o ) 7 is calibrated using prompt K s — > tttt events 
with the same selection criteria as D — > K~ 7r + . The fit functional form is : 

F(do) = f B J F B (x)F D (d 0 - x)dx + (1 - f B )F D {d 0 ) (2) 

The fit results are shown in Figure 8. The fraction of Ds from B D decays 
is measured to be oc 16% for D°, 11% for £U’* + and 35% for D s . 
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Fig. 8. Fit to the impact parameter distribution of the D° (left) and D * (right) 
candidates. Red line shows the contribution from B — >■ D°'*X. 



5 Conclusion 

Heavy quark production cross-sections, correlations and polarizations have 
been measured at the Collider Detector at Fermilab (CDF) using 118 pb -1 
of data collected from the 1992 to 1995 Run I of the Fermilab Tevatron. 
There is still disagreement between theoretical predictions of bottom and 
charm hadro- pro duct ion cross-sections and the Run I results. The observed 
transverse momentum spectrum of the prompt J/'ip production polarization 
is still not understood. 

Run II of the Tevatron began in July of 2001 and the CDF Run II detector 
[11] has collected 70 pb -1 of physics quality data since January 2002. Large 
statistics of onia states have been collected. Exclusive B meson decay modes 
have been reconstructed and the SVT level 2 displaced track trigger has pro- 
duced large samples of D mesons. The prompt charm and b — > cX fractions in 
both charmonium and D meson samples have been measured. Run II is now 
poised to greatly enhance the knowledge of heavy quark production dynamics 
well beyond the reach of the Run I detector. 
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1 Introduction 

Heavy quark production in ep scattering predominantly occurs via the process 
of boson gluon fusion (BGF, see fig. la, e). The cross section is thus directly 
sensitive to the gluon distribution in the proton. In photoproduction the 
photon virtualities are small ( Q 2 ~ 0), and the photon can reveal a hadronic 
structure. In a leading order picture, the production process can be divided 
into direct photon (fig. la) or resolved photon (fig.lb-e) processes. In the 
latter the photon acts as a source of incoming quarks and gluons, and only a 
fraction of the photon momentum participates in the hard scattering. 

In the kinematic region pj, < mn 2 b it is expected that next-to leading 
order (NLO, 0(a |)) QCD calculations in the so-called massive scheme will 
give reliable results. In this scheme u, d and s are the only active quark 
flavours in the proton and heavy quarks are dynamically produced via BGF. 
In contrast, in the massless scheme, valid for p \ > m 2 cb , the heavy quarks 
are treated as sea quarks in the proton and in the resolved photon. Single 
charm (or beauty) quarks can then directly emerge from within the photon 
(fig.lb-d). 

Quantitative theoretical predictions of observable heavy quark event prop- 
erties and cross sections are obtained from pQCD. The fragmentation func- 
tions are generally taken from previous e + e“ experiments assuming univer- 
sality. The measurement of heavy flavour processes at the HERA ep collider 
is then a powerful means of exploring the dynamics of perturbative QCD 




Fig. 1 . Processes of direct and resolved heavy quark production. At Q 2 > 1 GeV 2 
the contribution from resolved photon processes is small. 




Heavy Quarks at HERA 109 




Fig. 2. a) Relative differential cross sections l/ada/dcos6* in two regions of x° bs . 
The shaded area for x° bs >0.75 (x° bs > 0.75) is the contamination of the direct 
(resolved) photon contribution, b) fragmentation measurement as a function of 
2 = (E + pl)d/(E + pl ) jet for the ZEUS data [4] and 2 = £T>/Ebeam for the e + e“ 
experiments OPAL and ARGUS. 



and testing the universality assumptions for the parton distributions and 
fragmentation models. 

In the following, recent experimental results obtained at the HERA ep 
collider are reviewed in both photoproduction and electroproduction (DIS: 
Q 2 > 1 GeV 2 ) at a ep center of mass energy ^fs — 320 GeV. 

2 Open Charm Production 

New results on inclusive D-Meson production are available from HI [1] and 
ZEUS [2]. The D - Mesons are identified in the detectors by reconstruction of 
the relevant decay chains D* + -» D°7r + , D° — K~ir+ or D° — )■ /C _ 7 r + 7 r” 7 r + , 
D s —> (f) 7r and D + — > K~7r+7r+ in the visible kinematic regions of trans- 
verse momentum pt(D) and pseudorapidity rj(D). For the HI measurements 
the charm lifetime properties are exploited using a two layer silicon vertex 
detector to obtain results in the DIS region. Comparisons of the ZUMeson 
measurements with theoretical predictions show that the data are generally 
well described [1] by the LO Monte Carlo generator AROMA. The ZEUS 
results show that in photoproduction the NLO theory tends to be lower than 
the data in particular at large values of pr and p [2]. 

In order to probe the details of the charm production dynamics and to 
study the contribution from charm quarks emerging from the photon the an- 
gular distributions of charmed di-jet events are studied by the ZEUS experi- 
ment in photoproduction (fig. 2a) [3]. To distinguish experimentally between 
direct and resolved photoproduction the variable x° bs is used which describes 
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the momentum fraction of the parton emerging from the photon in the proton 
rest system: x° bs — (5Zj e ti 2 ^Te~ r]iet )/{2yE e ) where yE e corresponds to the 
energy of the incoming photon in the proton rest system. For direct photon 
gluon fusion x 1 ~ 1 while for resolved photoproduction x° bs is smaller. A cut 
at x° bs = 0.75 is used to separate the two processes. The normalised cross 
section 1/a dcr/d(cos9*) is shown in fig. 2a as a function of the angle of the 
incoming proton and the jet associated with the D* meson in the photon 
proton center of mass system. In the region of x° bs <0.75 (upper histogram) 
the resolved component is enriched and for x 1 > 0.75 (lower histogram) the 
direct component dominates. For positive (negative) values of cos 9 * the D * is 
produced in the direction of the incoming proton (photon). The cross section 
for the region of x 1 < 0.75 is asymmetric in cos#* rising sharply towards 
large negative cos#* values which indicates sizable contributions from bo- 
son propagators and hence that there is a sizable fraction of events with the 
charm quark emerging from within the photon (processes fig. lb, c). 

The question of the universality of non-perturbative fragmentation ef- 
fects has been addressed by both HI and ZEUS. The energy fraction z = 
(E + pl)d/(E + pi,)jet as measured by ZEUS [4] is shown in fig.2b. Within 
the framework of the LO simulation (in Pythia) and a Peterson fragmenta- 
tion parametrization an optimal fragmentation parameter ep ete = 0.064 ± 
0.006^0 008 h as been extracted. The HI results on inclusive production of 
D-mesons in DIS for the vector D* + and the peudoscalar mesons D°, D s 
and D+ [1] have been used to extract the fragmentation ratios of the differ- 
ent D - meson quark and spin states and to compare them with the numbers 
obtained at e + e~ colliders. The results have comparable precision to those 
from LEP and support the assumption of fragmentation universality. 



3 Charmonium 

In a fraction of events, the charm quarks form a bound charmonium state 
and both inelastic J/xjj and ^(2S) production have been measured [5,6]. In 
calculations the process is treated within the framework of non-relativistic 
QCD (NRQCD) where the cross section is a sum over all possible interme- 
diate cc states, including colour singlet (CS) and colour octet (CO) states. 
The amplitude for each cc state with definite colour and angular momen- 
tum factorises into a short distance term which can be calculated and a long 
distance matrix element (LDME) describing the transition to a J/^. The 
LDMEs are not calculable, but should be the same in all processes. They 
have been determined from J/^ production data in pp collisions [7] where 
the CO contributions were found to be sizable. 

Figure 3 shows the HI and ZEUS photoproduction data [6]. Good agree- 
ment is seen. The data are well described by a NLO calculation [8] in the 
Colour Singlet Model. In contrast, the LO calculation falls more steeply in 
The elasticity distribution (fig.4a) can also be described by LO NRQCD 
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Fig. 3. a) Inelastic J/'ip photoproduction cross section as a function of W 1P and 
differential cross sections as functions of b) p \ ^ and c) z. The ZEUS points [6] are 
shifted by up to 12% to account for differences in the covered kinematic range. The 
CSM calculations in NLO is shown by the band. The normalization uncertainties 
are due to variations of a s and the charm mass m c . 
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Fig. 4. Differential J/ip photoproduction cross section as a function of z a) in 
comparison to NRQCD calculations [9]; b) for pt > 3GeV in comparison with 
a resummed NRQCD calculation [10] (scaled by a factor 3). The parameter A 
describes the energy loss of the J/'ip due to soft gluon emission 



calculations [9] with LDMEs for the colour octet contributions at the lower 
end of the range allowed by the Tevatron data. The steeper rise of the NRQCD 
calculations towards high z than that in the data may be due to phase space 
limitations for the emission of soft gluons in the transition from the cc state to 
the J/'tf) meson which are not considered in this calculation [9]. A resumma- 
tion [10] of the non-relativistic expansion, which is valid at large leads 
to a slowing of the increase and better agreement with the data (fig. 4b). 

4 Beauty Production 

Previous measurements of open beauty production at HERA relied on the 
transverse momentum p v t el of the muon produced in the semi-leptonic decay 
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Fig. 5. Differential beauty cross sections as measured by ZEUS compared with 
NLO QCD calculations a) in photoproduction ( Q 2 ~ 0) as a function of p J 1 [12,14] 
and b) in DIS as a function of Q 2 [13,16] 



with respect to the axis of the closest jet and also by exploiting the 6-lifetime 
using Si-Detectors [11]. New differential cross sections using the p£ eI -method 
for events with two jets and a muon in the final state [12,13] are now avail- 
able from ZEUS. Fig. 5a shows the measured photoproduction cross section 
differential in pj, in the kinematic region Q 2 < 1 GeV 2 , 0.2 < y < 0.8, 

pf l(a) > 7(6) GeV, |r? jetl < 2 > | < 2.5, > 2.5 GeV and -1.6 < rf < 2.3 in 

comparison with a NLO QCD calculation (FMNR) [14]. For the predictions, 
the hadronisation is modeled by a Peterson function and the spectrum of 
the semi-leptonic muon momentum was extracted from PYTHIA [15]. The 
band shows the results obtained by variation of the 6-quark mass, the renor- 
malization and the factorization scales. The measured cross sections are a 
factor of 1.4 larger than the central NLO prediction but compatible with it 
within the experimental and systematic uncertainties. Using PYTHIA to ex- 
trapolate to the unmeasured part of the muon kinematics and to correct for 
the branching ratio, the total cross section for dijet production in 66 events 
a(ep — )■ bbX — >■ jjX) has been determined to be 733 ± 61 ± 104 pb while 
the NLO QCD prediction is 38ll^g 7 pb, corresponding to a data excess of a 
factor of two. The p\ el method has also been applied to DIS events at Q 2 > 2 
GeV 2 with at least one muon in the final state and at least one jet. A total 
visible cross section of cr ViS = 38.7 ± 7.7^ 5 pb was measured for the reaction 
ep — > ebbX ejpX in the kinematic region 0.05 < y < 0.7, p^ > 2 GeV, 
30° < 6^ < 160° with one jet in the Breit frame of E^ reit > 6 GeV and 
-2 < r} Lah < 2.5. In fig. 5b the differential cross section da/dQ 2 is compared 
with a NLO QCD calculation as implemented in the HVQDIS program [16]. 
The NLO prediction is 28.113^5 pb which agrees with the measured value 
within the errors. 
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Fig. 6. a) Normalised visible D*p cross section differential in p 2 (D* fi). The sim- 
ulated charm contribution is shown by the shaded histogram, b) Summary of the 
results on 6-production obtained at HERA so far [11-13]. 



The charm and beauty contributions to double heavy flavour tagged sam- 
ples can also be separated by exploiting the charge and angle correlations of 
a D* meson and a muon produced in the reaction ep — > ebbX. The configura- 
tion in which the muon and the D * originate from the same parent 5-meson 
yielding unlike sign D*^ pairs measured in the same hemisphere is of par- 
ticular interest. HI has extracted the cross sections of beauty and charm 
production using a likelihood fit in the region p ® > 1.5 GeV, \rf\ < 1.5, 
Pt > 1 GeV, \p^\ < 1.74 and 0.05 < y < 0.75 [17] (fig.6a). The measured 
6-cross section is a^ is = 380 zb 120 zb 130 pb, about a factor of 3.8 larger than 
the LO Monte Carlo expectation. ZEUS have conducted a similar analysis 
[18] in a slightly different phase space, p ^ > 1.9 GeV, \p\ < 1.5, pj. > 1.4 
GeV, —1.75 < < 1.3 yielding a cross section cr^ is = 214 zb 52lg® pb. The 

HI and ZEUS results agree when the same cuts are applied. The ZEUS re- 
sults are compared with NLO QCD predictions in the region Q 2 < 1 GeV 2 , 
0.05 < y < 0.85 and in the 6-quark rapidity range 77^ < 1 where the distribu- 
tions of the Monte Carlo program agree with the respective FMNR spectra. 
The extrapolated cross section is <7(7 p -* 6(6) V) — 15.1 ± 3.9+4 7 nb while 
the NLO prediction of FMNR for this reaction is only 5.0+}' ^ nb. 



5 Summary 

New results on heavy quark production at HERA have been presented. 

In the 5-meson data general agreement with the theoretical expectations 
is found. Dijet angular distributions indicate a strong contribution to the 
resolved photoproduction cross section from charm quarks in the photon. 
The results on fragmentation support the universality assumption. 
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The results on inelastic charmonium photoproduction are well described 
by NLO calculations with colour singlet contributions alone and thus exhibit 
no indication for colour octet contributions. 

A precise quantitative understanding of the 6-quark production mecha- 
nism is still an open question. The HERA results obtained so far are sum- 
marised in fig. 6b. A set of new visible cross sections of beauty production, 
defined without extrapolation beyond the detector acceptance have been mea- 
sured. The results are a factor 1.4 higher than the NLO QCD predictions but 
consistent within the experimental and theoretical uncertainties. Data and 
theory are also consistent in the DIS regime. An excess of the measured cross 
sections over the NLO expectation is observed when the data is extrapolated 
into kinematic regions not directly measured. 

The HERA collider is now starting a new phase of operation at higher 
luminosities. Together with the enhanced c and 6-tagging capabilities of the 
new HI and ZEUS vertex detectors more precise and differential measure- 
ments can be expected within the next years. 
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1 Introduction 

Quantum Chromodynamics (QCD) is well established as theory of strong 
interactions through a large number of experimental verifications. The era 
of Testing QCD’ is clearly finished, and QCD today is becoming precision 
physics. In contrast to LEP and SLC, where electroweak reactions could 
be studied to a highly precise level without having to take QCD effects into 
account, QCD is ubiquitous at hadron colliders, affecting all observables. Any 
precision measurement (strong coupling constant, quark masses, electroweak 
parameters, parton distributions) at the Tevatron and the LHC, as well as 
any prediction of new physics effects and their backgrounds, relies on the 
understanding of QCD effects on the observable under consideration. 

Precision QCD poses several severe challenges from the theoretical and 
computational point of view. Most importantly, the strong coupling constant 
is considerably larger than the electromagnetic coupling constant at scales 
typically probed at colliders: a s (Mz) — 15a em (Mz ), resulting in a slower 
convergence of the perturbative expansion. As a consequence, a precise de- 
scription of QCD observables (precise means here that the theoretical un- 
certainty becomes similar to the achieved or projected experimental errors) 
is obtained only by including higher order corrections, often requiring be- 
yond the next-to-leading order. Another important challenge is the fact that 
QCD describes quarks and gluons, while experiments observe hadrons. This 
mismatch is either accounted for by a description of the parton to hadron 
transition through fragmentation functions or by defining sufficiently inclu- 
sive final state observables, such as jets. Finally, many collider observables 
involve largely different scales, such as quark masses, transverse momenta 
and vector boson masses. These give rise to potentially large logarithms, 
which might spoil the convergence of the perturbative series and need to be 
resummed to all orders. 

In this talk, I shall try to highlight recent theoretical progress towards pre- 
cision QCD at colliders, focusing on heavy quark production in Section 2, on 
jets and multiparton final states in Section 3 and on photons and electroweak 
bosons in Section 4. Finally, a summary of the current state-of-the-art and 
of yet open issues is given in Section 5. 




(pb) 



116 Thomas Gehrmann 



2 Heavy Quarks 

The production of heavy quarks is one of the main topics investigated at 
high energy collider experiments. Heavy quarks are of particular interest to 
elucidate the flavour sector of the standard model, which is less well tested 
than the gauge sector. Also, many approaches to physics beyond the standard 
model, often related to electroweak symmetry breaking and mass generation, 
predict new effects to be most pronounced in observables involving heavy 
quarks. 

2.1 Total Cross Sections 

The total cross sections for the production of heavy quarks can be computed 
within perturbation theory. The current state-of-the-art is a next- to- leading 
order (NLO) calculation [1], which is further improved by summing large 
logarithms due to soft gluon emission up to the next-to-leading logarithmic 
(NLL) level [2]. As can be seen from Figure 1, these predictions are in good 
agreement with experimental data on the total tt cross section at the Teva- 
tron [3] and the total bb cross section at HERA-B [4] (which both actually 
refer to similar kinematical values of mq / . The theoretical uncertainty on 
the prediction for HERA-B is larger for two reasons: the larger value of the 
strong coupling at mb than at m t and the dominance of gg initial states in pN 
collisions (HERA-B) compared to qq dominance in pp collisions (Tevatron) . 

2.2 Transverse Momentum Distributions 

Differential distributions of hadrons containing b quarks measured in hadron- 
hadron, photon-hadron or photon-photon collisions have been in apparent 
discrepancy with theoretical predictions for quite some time. The spectrum 
of B ± hadrons measured at CDF [5] is one of the most recent examples for 
this discrepancy. 




m, [G*v) (GeV) 

Fig. 1. Total cross sections for tt at the Tevatron and bb at HERA-B. 
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The theoretical prediction for B meson production involves a convolution 
of the hard matrix element for heavy quark production in parton-parton scat- 
tering with initial parton distributions and final state fragmentation functions 
describing the non-perturbative transition from a b quark to a B hadron. It 
is in particular the latter which may account for the discrepancy between 
theoretical prediction and experimental data, especially since it has been 
observed [6] that the transverse momentum distribution of 6-tagged jets [7] 
(which has little sensitivity to fragmentation functions) is in much better 
agreement with theoretical predictions. 

The definition of heavy quark fragmentation functions is not free from 
ambiguities, since some aspects of these functions are actually calculable in 
perturbation theory [8]. In extracting these fragmentation functions from 
data on B hadron production in e + e - collisions, several choices are made, 
related to the order of perturbation theory, the incorporation of mass effects 
in the matrix elements, the resummation of potentially large perturbative 
terms, the correction of data for parton showers or the parametric form of 
the ansatz used in the determination. A commonly used parametric form is 
the so-called Peterson ansatz [9], which contains only a single parameter e, 
describing the shape of the non-perturbative fragmentation function. Unfor- 
tunately, the sensitivity of the fragmentation function on the assumptions 
used in the extraction from e + e“ spectra is often overlooked when using this 
fragmentation function to compute heavy hadron spectra at colliders. It was 
pointed out in [10] that a consistent treatment (in this case a purely mass- 
less approach) in extracting and implementing fragmentation functions can 
yield a sizable reduction of the discrepancy between experimental data and 
theoretical prediction. 

In the kinematical range covered by the heavy hadron production at 
Tevatron, b quark mass effects are sizable [11]. An approach incorporating 
quark mass effects, perturbatively calculable components of the heavy quark 
fragmentation function [8] and resummation of large logarithms up to the 
next-to- leading logarithmic level was presented in [11] with the fixed-order 
next-to-leading log (FONLL) scheme, which requires only a small, genuinely 
non-perturbative component of the fragmentation function to be fitted to 
e + e~ data. In order to expose the information content actually relevant to 
heavy hadron spectra at hadron colliders, this fit is done in moment space. 

In view of new data from ALEPH [12], a phenomenological study of B 
hadron production at colliders based on the FONLL scheme [11] was pre- 
sented in [13]. It was shown that the consistent treatment of the fragmenta- 
tion function in extraction and prediction reduced the discrepancy between 
data and theoretical prediction considerably, Figure 2. The theoretical predic- 
tion is however still falling somewhat short of the experimental data, which 
is probably due to currently uncalculated corrections beyond NLO. 

Many collider experiments also report an excess in the b quark produc- 
tion spectra. In interpreting these data, it must always be kept in mind that 
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Fig. 2. Transverse momentum spectrum of B hadrons at CDF, compared to calcu- 
lations using Peterson and FONLL fragmentation functions, from [13]. 



it is not b quark but B hadron production which is observed in the exper- 
iment. Information on b quark production is only inferred from these data 
using some model for the heavy quark fragmentation. As discussed above, 
there are numerous ambiguities, which can yield inconsistent predictions if 
not implemented consistently. In view of the rather sizable effects due to a 
consistent treatment of the fragmentation function observed on the B hadron 
spectra at CDF, it might be that the data sets on b quark spectra have to be 
reanalysed incorporating the new experimental information on the b quark 
fragmentation functions in a consistent manner. 



2.3 Top Quark Spin Correlations 

Contrary to b and c quarks, which have lifetimes much longer than the typical 
timescale required for hadronization, t quarks are too short-lived to hadronize 
before they decay. As a consequence, top quark production and decay can 
be fully computed within perturbative QCD, and the spin state of the t 
quark determined from the distribution of its decay products [14] reflects 
the t quark spin induced in the production process, giving rise to non-trivial 
spin correlations in tt pair production processes [15]. At present, data from 
Tevatron Run I are not yet sufficiently precise to probe these spin correlations, 
results obtained up to now concern only the polarization state of the vector 
boson produced in the t decay [16]. Future measurements at Run II and LHC 
will allow to use tt spin correlations as a sensitive probe of potential effects 
beyond the standard model showing up in the electroweak vertex of t decay. 

3 Jets 

Hadronic jets at large transverse momenta are produced very copiously at 
colliders. Final states with a small number of jets are measured to very high 
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Fig. 3. Single jet inclusive cross section at NLO compared to DO data [22]. 



k ± algorithm 




Fig. 4. Dependence of the NLO prediction for the 3 j cross section at the Tevatron 
on renormalization and factorization scale, from [19]. 



experimental accuracy, such that they can be used for precision measure- 
ments of the strong coupling constant and of parton distribution functions. 
Multiparton final states, involving a large number of jets, can on the other 
hand mimic final state signatures introduced by physics beyond the standard 
model, thus forming an irreducible background to searches. 

The current state of the art for the theoretical description of jet observ- 
ables at hadron colliders is next-to- leading order QCD. To this order, parton 
level event generators are available for 1 j + X (EKS [17] and JETRAD [18]), 
2 j + X (JETRAD [18]), 3 j + X (NLOJET++ [19]) and for V + X, V + l j + X 
(both DYRAD [20]), V + 2j + X (MCFM [21]). In particular, the MCFM 
project aims to provide a library of a large number of final states to NLO ac- 
curacy. Final states with more than three identified particles (vector bosons 
or jets) are at present only known to leading order. NLO predictions do in 
general yield a very good description of the experimental data, e.g. for the 
1 j inclusive cross section [22], Figure 3. The uncertainty on the theoretical 
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prediction, as estimated by varying renormalization and factorization scales, 
is reduced considerably from LO to NLO, Figure 4. Nevertheless, for observ- 
ables such as the single jet inclusive cross section, the theoretical errors of 
the NLO prediction are still in excess of the experimental errors. 

3.1 Jet Definitions 

Jets in high energy physics experiments are identified by applying a jet algo- 
rithm to hadronic final states. The default jet algorithm used in the analysis 
of Tevatron Run I data (iterative fixed cone algorithm) turned out to be un- 
suited for the study of multi-jet cross sections and to be infrared unsafe if a 
theoretical implementation beyond NLO is attempted. These problems can 
essentially be truncated back to difficulties in splitting and merging neigh- 
bouring cones, which is done using an ad-hoc separation parameter. Several 
improved algorithms have been suggested, which can be grouped into two 
classes: the kr type algorithm [23] uses a clustering procedure combining 
neighbouring preclusters according the transverse momentum of each clus- 
ter and to their mutual spatial separation. The improved legacy cone algo- 
rithm [24] is an improved version of the iterative fixed cone algorithm, which 
avoids the problems of the latter. 

3.2 Precision Jet Physics 

Despite the evidently good agreement of NLO QCD with experimental data 
on jet production rates, Figure 3, predictions to this order are insufficient for 
many applications. For example, if one uses data on the single jet inclusive 
cross section [25] to determine the strong coupling constant a s , it turns out 
that the dominant source of error on this extraction is due to unknown higher 
order corrections. Given that the theoretical prediction to infinite order in 
perturbation theory should be independent of the choice of renormalization 
and factorization scale, this error can be estimated from the variation of the 
extracted a s under variation of these scales, as seen in Figure 5. As a result, 
CDF find from their Run I data 

ot s {Mz) — 0.1178 ± 0.0001 (stat)to'oo95(sys) ^o.oo47( sca l e ) =*= 0.0059(pdf). 

It can be seen that the statistical error is already negligible; improvements 
in the systematic error can be anticipated in the near future. To lower the 
theoretical error, it is mandatory to compute next-to-next-to-leading order 
(NNLO) corrections to the single jet inclusive cross section. 

A similar picture is true in e + e~ annihilation into three jets and deep 
inelastic (2 + 1) jet production, where the error on the extraction of a s from 
experimentally measured jet shape observables [26] is completely dominated 
by the theoretical uncertainty inherent in the NLO QCD calculations. 

Besides lowering the theoretical error, there is a number of other reasons 
to go beyond NLO in the description of jet observables [27]. While jets at 
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Fig. 5. Errors on extraction of a s from single jet inclusive cross section at CDF [25]. 



NLO are modelled theoretically by at most two partons, NNLO allows up 
to three partons in a single jet, thus improving the matching of experimen- 
tal and theoretical jet definitions and resolving the internal jet structure. At 
hadron colliders, NNLO does also account for double initial state radiation, 
thus providing a perturbative description for the transverse momentum of 
the hard final state. Finally, including jet data in a global NNLO fit of par- 
ton distribution functions, one anticipates a lower error on the prediction of 
benchmark processes at colliders. 

The calculation of jet observables at NNLO requires a number of different 
ingredients. To compute the corrections to an n-jet observable, one needs the 
two-loop n parton matrix elements, the one- loop n+1 parton matrix elements 
and the tree level n + 2 parton matrix elements. Since the latter two con- 
tain infrared singularities due to one or two partons becoming theoretically 
unresolved (soft or collinear), one needs to find one- and two-particle sub- 
traction terms, which account for these singularities in the matrix elements, 
and are sufficiently simple to be integrated analytically over the unresolved 
phase space. One-particle subtraction at tree level is well understood from 
NLO calculations [28] and general algorithms are available for one-particle 
subtraction at one loop [29]. Tree level two-particle subtraction terms have 
been studied in the literature [30] , their integration over the unresolved phase 
space was up to now made only in one particular infrared subtraction scheme 
in the calculation of higher order corrections to the phot on-plus-one- jet rate 
in e + e“ annihilation [31]. A general two-particle subtraction procedure is still 
lacking at the moment, although progress on this is anticipated in the near 
future. 

Concerning virtual two-loop corrections to jet-observables related to 2 — > 
2 scattering and 1 — > 3 decay processes, enormous progress has been made in 
the past two years. Much of this progress is due to several technical develop- 
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Fig. 6. Computer algebra to compute two- loop scattering matrix elements for jet 
physics. 



merits concerning the evaluation of two-loop multi-leg integrals. Using itera- 
tive algorithms [32] , one can reduce the large number of two- loop integrals by 
means of integration-by-parts [33] and Lorentz invariance [34] identities to a 
small number of master integrals. The master integrals relevant to two-loop 
jet physics are two- loop four-point functions with all legs on-shell [35] or one 
leg off-shell [36] , which were computed using explicit integration or implicitly 
from their differential equations [34]. 

Combing the reduction scheme with the master integrals, it is straight- 
forward to compute the two- loop matrix elements relevant to jet observables 
using computer algebra [37]. The generic structure of such a calculational 
procedure is depicted in Figure 6. Following this procedure, two- loop matrix 
elements were obtained for Bhabha scattering [38], parton-parton scattering 
into two partons [39] , parton-parton scattering into two photons [40] , as well 
as light-by-light scattering [41]. Most recently, two- loop corrections were com- 
puted for the off-shell process 7* — > qqg [42], relevant to e + e _ — 3 j. Part of 
these results were already confirmed [43] using an independent method [44]. 
Related to e + e~ — >> 3 j by analytic continuation [45] are (2 + l)j production in 
ep collisions and V + j production at hadron colliders. A strong check on all 
these two-loop results is provided by the agreement of the singularity struc- 
ture with predictions obtained from an infrared factorization formula [46]. 



3.3 Multiparton Processes 

Many scenarios for physics beyond the standard model predict visible signals 
only in observables with a large number of partons in the final state due to 
production and subsequent decay of yet unknown short-lived particles. The 
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same multi-parton final states can however also be produced through ordi- 
nary QCD processes, acting as a background to the new physics signals. The 
extraction of new physics effects from multiparton final states does therefore 
require predictions for QCD backgrounds for these final states. 

It turns out that a diagrammatic evaluation of the corresponding matrix 
elements (even using modern techniques such as helicity amplitudes) becomes 
rapidly infeasible due to the factorial increase in the number of Feynman 
diagrams with increasing number of final state particles. An alternative ap- 
proach [47] circumvents the need for a direct evaluation of Feynman diagrams 
by determining scattering matrix elements directly from the numerical Legen- 
dre transformation of the interaction Lagrangian. This procedure yields only 
a power-like growth of computation time with increasing number of final state 
particles, and does therefore outpace the Feynman diagrammatic evaluation 
for high multiplicity final states. Extending earlier work [48] on final states 
with up to nine gluons, a parton level event generator ALPHGEN [49] to 
compute 

• W/Z/ 7 * +QQ + {n< 4) j 

• H + QQ + (n < 4) j 

• W/Z/ 7 * + (n < 6 )j 

• nW + vnZ + IH + Nj(n + ra + Z + iV<8, iV<3) 

• QQ + (n <: 6 )j 

• QQ + Q'Q' + (n < 4 )j 

was presented recently. The event generation provides full colour and flavour 
information, such that a hadronization model and a subsequent detector sim- 
ulation can be interfaced. 

Combining matrix element based event generation with parton showers, 
special care has to be taken to avoid overcounting of contributions. Extending 
a method derived for e + e~ annihilation [50], a procedure for reweighting of 
events and determining appropriate starting conditions and cut-off of the 
parton shower has been proposed [51] to allow combination with the exact 
multi-parton matrix elements. 

A closely related issue is the incorporation of next-to-leading order cor- 
rections in parton shower Monte Carlo programs. Recently, algorithms were 
devised for this task by several groups [52] , first programs implementing these 
algorithms have already been released [53] . 

4 Photons and Massive Gauge Bosons 

Photons and gauge bosons provide very prominent final state signatures at 
colliders. Their study allows the precise determination of electroweak param- 
eters at hadron colliders, and their final state signatures are often background 
to searches, such as photon pair production to the Higgs search in the lower 
mass range. 
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4.1 Isolated Photons 

Photons produced in hadronic collisions arise essentially from two different 
sources: ‘direct’ or ‘prompt’ photon production via hard partonic processes 
such as qg — )► q 7 and qq g^y or through the ‘fragmentation’ of a hadronic 
jet into a single photon carrying a large fraction of the jet energy. The former 
gives rise to perturbatively calculable short-distance contributions whereas 
the latter is primarily a long distance process which cannot be calculated per- 
turbatively and is described in terms of the quark-to-photon fragmentation 
function. In principle, this fragmentation contribution could be suppressed to 
a certain extent by imposing isolation cuts on the photon. Commonly used 
isolation cuts are defined by admitting only a maximum amount of hadronic 
energy in a cone of a given radius around the photon. An alternative proce- 
dure is the democratic clustering approach suggested in [54], which applies 
standard jet clustering algorithms to events with final state photons, treating 
the photon like any other hadron in the clustering procedure. Isolated pho- 
tons are then defined to be photons carrying more than some large, predefined 
amount of the jet energy. 

Both types of isolation criteria infrared safe, although the matching of 
experimental and theoretical implementations of these criteria is in general 
far from trivial. It was pointed out recently [55] that cone-based isolation 
criteria fail for small cone sizes R (once a s lnR~ 2 ~ 1), since the isolated 
photon cross section exceeds the inclusive photon cross section. This problem 
can only be overcome by a resummation of the large logarithms induced by 
the cone size parameter. 

The contribution from photon fragmentation to isolated photon cross sec- 
tions at hadron colliders is sensitive (for both types of isolation criteria) on 
the photon fragmentation function at large momentum transfer, which has 
up to now been measured only by one of the LEP experiments [56] . Based on 
the democratic clustering procedure, ALEPH extracted the quark-to-photon 
fragmentation function from the measured photon-plus-one-jet rate. It was 
observed that the resulting prediction [54] for the variation of the isolated 
photon rate with the resolution parameter was in good agreement with the 
measurement, especially once NLO corrections [31] were included. A related 
OPAL measurement [57] of the photon fragmentation function from inclu- 
sive photon production in e + e _ is unfortunately not sufficiently sensitive on 
the behaviour at large momentum transfers [58]. Further information on the 
photon fragmentation function at large momentum transfer might be gained 
from yet unanalysed LEP data or from the study of photon-plus-jet final 
states in deep inelastic scattering at HERA [59], where first data are now 
becoming available [60]. 

4.2 Photon Pairs 

The discovery of a light Higgs boson (ra# < 140 GeV) at the LHC is based 
largely on the observation of the rare decay to two photons [61]. To perform 
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Fig. 7. Contributions from qq , qg and gg subprocesses to 77 final states for different 
isolation criteria, from [63]. 
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Fig. 8. Comparison of 7r°7r°, 7T°7 and 77 production cross sections for different 
isolation criteria, from [65]. 



an accurate background subtraction for this observable, one requires a precise 
prediction for QCD reactions yielding di-photon final states. At first sight, 
the Q{oP 8 ) process qq — » 77 yields the leading contribution. However, due 
to the large gluon luminosity at the LHC, both qg — > 377 (0(od)) and 
gg 77 (0(o^)) subprocesses yield contributions of comparable magnitude 
(Figure 7). The NLO corrections to the qq and qg subprocesses have been 
known for quite some time, these are implemented in the flexible parton 
level event generator DIPHOX [62]. Most recently, NLO corrections were also 
derived for the gg subprocess [63]. Since the lowest order contribution to this 
process is already mediated by a quark loop, this calculation contains some of 
the features appearing in jet physics only at NNLO, such as two-loop QCD 
amplitudes and unresolved limits of one- loop amplitudes (see Section 3.2 
above) . 

It must be kept in mind that the di-photon cross sections are highly sen- 
sitive on the isolation criteria applied to the photons, Figure 7, with a sub- 
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stantial contribution arising from photon fragmentation at large momentum 
transfers [64]. Moreover, it is experimentally difficult to distinguish photons 
from highly energetic neutral pions which decay into a closely collimated 
photon pair, mimicking a single photon signature. The pion background in 
photon pair production has been studied to NLO in [65] and implemented in 
DIPHOX, showing that in particular the 7r°7 channel remains comparable to 
the 77 channel even for tight isolation criteria, Figure 8. 

4.3 Vector Boson and Higgs Production 

The production cross sections for and Z° bosons at hadron colliders are 
well understood both experimentally and theoretically. At present, these cross 
sections are measured to an error of about 10% from Tevatron Run I, largely 
limited by statistics. A considerable reduction of the experimental error is 
anticipated from Run II and for the LHC. On the theory side, inclusive vector 
boson production has been computed to NNLO [66] already more than ten 
years ago. Very recently, these results have been verified for the first time in 
an independent calculation [67]. The uncertainty on the theoretical prediction 
has been assessed in detail in [68] and found to be around 3% from variations 
of renormalization and factorization scale as well as from uncertainties on 
the part on distribution functions. Some improvements are anticipated once 
full NNLO determinations [69] of the parton distribution functions become 
available. 

Given the good theoretical and experimental understanding of W ± and 
Z° boson production, it has been suggested to use these for a determination 
of the LHC luminosity [70] . In practice, it turns out that it is not possible to 
measure the fully inclusive production cross sections, but only cross sections 
integrated over a restricted range in rapidity, which are only known to NLO 
at present [71]. For the W ± production, which is observed only through the Iv 
decay channel, it is moreover mandatory to compute the spatial distribution 
of the decay products, which is again only known to NLO [20]. To match the 
anticipated experimental accuracy at the LHC and to render vector boson 
production a reliable luminosity monitor, it would be required to extend both 
these calculations to NNLO. 

Closely related to the inclusive vector boson production cross section is 
the inclusive Higgs boson production cross section in the infinite top mass 
limit. While the former is induced, at the leading order, by the partonic 
subprocess qq W ± ,Z°, the latter is gg H. The NNLO corrections to 
inclusive Higgs boson production have been derived, first in the soft /collinear 
approximation [72]; shortly thereafter, the full coefficient functions were ob- 
tained by expansion around the soft limit [67], and fully analytically [73] by 
extending the IBP/LI reduction method and the differential equation tech- 
nique (see Section 3.2) to compute double real emission contributions. It 
turned out that inclusion of NNLO corrections yields a sizable enhancement 
of the Higgs production cross section, and a reduction of the uncertainty due 
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to renormalization and factorization scale. These calculations were also ex- 
tended to pseudoscalar Higgs production [74]. A more detailed discussion of 
recent results on Higgs physics at colliders can be found in [61]. 



4.4 Transverse Momentum Distributions 

Transverse momentum distributions of vector bosons or any other colour- 
neutral final states are well described in perturbation theory [75] only if the 
transverse momentum qr is of the same order as the invariant mass M of 
the colour-neutral final state. Otherwise, the convergence of the perturba- 
tive series is spoilt by large logarithms In (qx/M). Reliable predictions can be 
obtained if these logarithms are resummed to all orders in perturbation the- 
ory [76]. This resummation procedure exponentiates logarithms from three 
different sources: soft (A) and collinear (B) radiation associated to the hard 
interaction (expressed as Sudakov form factor) and collinear initial state ra- 
diation ( C ). The resummation coefficients A, 5, C can be expanded in powers 
of the strong coupling constant; it turns out that the soft coefficient A only 
depends on the partonic initial state, while B,C also depend on the final 
state under consideration. 

The leading logarithmic (LL) corrections are obtained from soft exponen- 
tiation alone, while collinear contributions first enter at the next-to-leading 
logarithmic (NLL) level [77]. Finally, collinear initial state radiation affects 
only higher (NNLL) order logarithms. At present, NNLL resummed correc- 
tions are known for electroweak vector boson production [78] and Higgs pro- 
duction [79]. Incorporation of these corrections [80] improves the theoretical 
description of vector boson production at small transverse momenta consid- 
erably, and yields a stabilisation of the theoretical prediction under variations 
of renormalization and factorization scales. 

The purely soft (A) terms can be read off from the partonic splitting func- 
tions to the appropriate order [69] or computed by considering only eikonal 
diagrams [81]. 

By reordering the terms in the resummation formula, it is possible to 
extract the final-state independent terms in the B and C coefficients, and 
to group the genuinely process dependent terms into a hard coefficient func- 
tion H. This modified resummation formula [82] allows to obtain resummed 
predictions for a large number of different final states (such as vector boson 
pairs) without having to rederive the full set of resummation coefficients. 

In the course of the computation [83] of these universal resummation 
coefficients to NNLL accuracy, one encounters configurations similar to the 
ones appearing in double real radiation contributions to jet physics at NNLO. 

Besides the above developments on extending the existing resummation 
formalism towards higher accuracy, considerable progress has been made also 
to perform resummation in processes not characterised by a colour neutral 
system with a large invariant mass. In particular, a formalism to jointly resum 
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partonic threshold and recoil corrections has been developed [84] and applied 
successfully to prompt photon and vector boson production [85]. 

5 Conclusions and Outlook 

QCD at present and future hadron colliders will be precision physics, very 
much like electroweak physics was precision physics in the LEP era. The study 
of many of the standard scattering reactions will allow a precise determination 
of the strong coupling constant, electroweak parameters, quark masses and 
parton distribution functions. In turn, this information translates in improved 
predictions for new physics signals and their backgrounds. 

To match the experimental accuracy reached for a number of QCD collider 
observables, the current theoretical predictions have to be improved in sev- 
eral aspects. Most importantly, NLO QCD is often not enough if confronted 
with high precision data (such as for jets and gauge bosons) or observables 
with slowly converging perturbative expansions (such as heavy quarks or the 
Higgs boson). Considerable progress has been made very recently in extend- 
ing QCD calculations to NNLO, first results on inclusive observables are now 
available, and calculations for jet observables are well advanced. Many ob- 
servables do moreover require the resummation of large logarithms spoiling 
the convergence of the perturbative series. A universal picture for these re- 
summations started to emerge recently, and new techniques have been devel- 
oped to compute the corresponding resummation coefficients. Fragmentation 
effects enter many observables with identified particles in the final state. In 
particular, a consistent treatment of heavy quark fragmentation effects can 
account for a large part of the observed discrepancy in B hadron spectra, 
and quark-to-photon as well as quark-to-pion fragmentation yield important 
contributions to photon pair final states forming an important background to 
Higgs searches. Much valuable information on these fragmentation functions 
is contained in data from LEP, and should be extracted (as long as this is 
still a feasible task) to improve predictions for collider observables. 
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1 Introduction 

The Run 2 at Tevatron will define a new level of precision for QCD studies in 
hadron collisions. Both collider experiments, CDF and DO, expect to collect 
up to 15 fb -1 of data in this new run period. The increase in instantaneous 
luminosity, center-of-mass energy (from 1.8 TeV to 2 TeV) and the improved 
acceptance of the detectors will allow stringent tests of the Standard Model 
(SM) predictions in extended regions of jet transverse energy, E^ 1 , and jet 
pseudorapidity, if et . 

In the following, a review of some of the most important QCD results 
from Run 1 is presented, together with first preliminary Run 2 measure- 
ments (based on the very first data collected by the experiment) and future 
prospects as the integrated luminosity increases. 



2 Inclusive Jet Production 

The CDF Run 1 inclusive jet cross section measurements [1], performed for 
jets in the region 0.1 < \if et \ < 0.7 and E ^ > 50 GeV, showed an excess 
with respect to the NLO calculation in the region Ejf* > 300 GeV which 
initially suggested a possible signal for new physics (see Fig. 1-left). How- 
ever, a detailed revision of theoretical uncertainties in the NLO calculations 
indicates that the SM predictions at high-E^ 1 suffer from large uncertain- 
ties mainly due to the little knowledge of the proton’s gluon distribution at 
high-x. The CTEQ Collaboration showed that it is possible to describe the 
CDF measurements (see Fig. 1-right) by increasing the amount of gluons in 
the proton at high-x (x > 0.3) without affecting the good description of the 
rest of the data used in the global fits like, for example, the very precise DIS 
data. Nowadays, the Tevatron high-E^ 1 data, although still has very little 
statistical power, is being used, together with prompt-photon data from fixed 
target experiments, to constrain the gluon distribution at high-x. 

The new Run 2 data will allow better and more precise jet measurements. 
The increase in the center-of-mass energy will extend the measured cross 
sections from E^ 1 ~ 450 GeV to E^ 1 ~ 600 GeV, and re-explore possible 
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deviations from the SM predictions. Independent cross section measurements 
for forward- forward and central- forward dijet production will be essential to 
constrain the gluon distribution at high-x and separate an eventual signal for 
new physics from the current SM uncertainties. Forward jet measurements 
are not expected to have any contribution from new physics due to the fact 
that the maximum reachable t is limited to E ~ 200 GeV, but have a 
sensitivity to the proton’s gluon distribution similar to that of the central jet 
measurements. 





Fig. 1 . (Left) Measured inclusive jet cross section as a function of for jets in 
the region 0.1 < |r/ et | < 0.7. The measurement is compared to NLO QCD pre- 
dictions. (Right) Ratio (Data - Theory) /Theory for the measured jet cross section 
where different parton density functions are considered in the theoretical predic- 
tions. 



The CDF Run 1 analyses used the cone algorithm [2] to search for jets, 
define jet observables and measure jet cross sections. During the past few 
years different theoretical problems of the cone algorithm were pointed out, 
namely: the infrared and collinear sensitivity of the defined cross sections and 
the difficulty to translate the experimental prescription for merging jets to 
an equivalent procedure at the parton level in theoretical calculations. The 
longitudinally invariant Kt algorithm [3], initially used in e + e“ collisions, 
was proposed for ep and pp(pp) experiments [4]. It has been already used 
by the DIS experiments at HERA [5] with so great success that the cone 
algorithm has been abandoned. Therefore, one of the main goal of the QCD 
program at Tevatron in Run 2 will be the study of the performance of Kt 
algorithms in a hadron- hadron environment. 
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3 Three-jet Production 

CDF recently presented a measurement of inclusive three-jet production com- 
pared to NLO calculations based on Run 1 data. Jets were searched for using 
a cone algorithm with radius R=0.7. The events were required to have at 
least three jets with > 20 GeV and \rf et \ < 2.0. In order to compare 
with NLO calculations, additional cuts were applied. The sum of the trans- 
verse energy of the jets was required to be above 320 GeV and a cut on the 
minimum separation between jets of 1.0 unit (77 — </> space) was used. 

The topology of the three-jet final state was studied using Dalitz variables 
in the cent er-of- mass of the three- jet system: 

2 ■ E ]et 

Xi = —^, i = 3,4,5 (1) 

^3jets 

where M^ ets denotes the invariant mass of the three jets and the jets are 
sorted in energy in such a way that X3 > X 4 > X 5 , where X3 + V4 + X5 = 2. 
Figure 2-left shows the distribution of the measured three-jet events in the 
(X3 — X 4 ) plane. Different event topologies are observed, including Mercedes- 
Benz Star type of events with X 3 ~ 0.7 and X 4 ~ 0.7. However, the topologies 
are dominated by those configurations with a soft third jet where X%^ ~ 0.95. 
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Fig. 2. (Left) Distribution of the measured three-jet events in the X3 — X4 plane. 
(Right) Ratio (Data - NLO) /NLO for the differential cross section as a function of 
X 3 measured in the region 0.64 < X4 < 0.74. 

The differential cross section as a function of X3, measured in different 
regions of V4, was compared to NLO calculations [6]. Figure 2-right shows 
the comparison between data and theory in the region 0.64 < X 4 < 0.74. 
Reasonable agreement was observed in the whole (X3 — X 4 ) plane. The total 
measured three-jet production cross section, integrated over the Dalitz plane, 
was <j 3 ^ ets = 466 ± 2(stat.)^7? 6 (syst.) pb, consistent with the NLO prediction 

^nlo = 402 ± 3 pb. 
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4 Study of Jet Shapes in Run 2 



The first 16 pb -1 of dijet data collected by CDF in Run 2 were used to 
measure the jet shapes for jets in the range 30 < < 135 GeV and 

\rf et \ < 2.3. Jets were searched for using a cone algorithm with R=0.7 starting 
from the energy deposits in the calorimeter towers, and the jet variables 
were reconstructed according to the Snowmass convection. The integrated 
jet shape, ^(r), is defined as the average fraction of the transverse energy of 
jet with lies inside an cone of radius r concentric to the jet cone: 



&{r) 



1 ]|P£ T (0,r) 

Njets E & 



\ V{r = R) = 1, 



( 2 ) 



where the sum runs over the calorimeter towers belonging to the jet. 




r r 

Fig. 3. Measured integrated jet shape, ^(r), computed using both calorimeter tow- 
ers (back dots) and tracks (open circles) for jets in the region 0.1 < K‘i < 0.7 and 
30 < <135 GeV. The measurements are compared to HERWIG predictions 

including CDF detector simulation. 



In addition, for jet with 0.1 < \if et \ < 0.7, the jet shapes were measured 
using tracks and a similar expression as Eq. 2 where E^ t was substituted by 
the scalar sum of the tracks inside the cone of the jet. Figure 3 shows the 
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measured jet shapes using both calorimeter towers and tracks compared to 
the predictions from HERWIG MC [7]. The measurements performed using 
calorimeter and tracking are in excellent agreement. For a given fixed distance 
ro, the measured df(r = r*o) increases with indicating that the jets become 
narrower. The measured jets shapes are well described by the HERWIG MC 
predictions. Similar studies with b-tagged jets will be necessary to test our 
knowledge of b-quark jet fragmentation processes in hadronic interactions, 
which is essential for future precise Top and Higgs measurements. 



5 Study of the Underlying Event 

The hadronic final states from QCD processes in pp collisions at Tevatron are 
characterized by the presence of soft underlying emissions, usually denoted as 
underlying event , in addition to highly energetic jets coming from the hard 
interaction. The underlying event contains contributions from initial- and 
final-state soft gluon radiation, secondary semi-hard partonic interactions 
and interactions between the proton and anti-proton remnants that cannot 
be described by perturbation theory. These processes must be approximately 
modeled using MC programs tuned to describe the data. 



Charged Je* #1 




Fig. 4. (Left) Scheme of the different 0 regions defined around the leading jet. 
(Right) Measured average track multiplicity in the transverse region as a function 
of the P^ et of the leading jet. The measurements are compared to different MC 
models. 



The jet energies measured in the detector contain an underlying event 
contribution that has to be subtracted in order to compare the measurements 
to pQCD predictions. Therefore, a proper understanding of this underlying 
event contribution is crucial to reach the desired precision in the measured jet 
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cross sections. In the analysis presented here [8], the underlying event in dijet 
events was studied by looking at regions well separated from the leading jets, 
where its contribution is expected to dominate the observed hadronic activity. 
Jets were reconstructed using tracks with p^ ack > 0.5 GeV and |7? track | < 1 
and a cone algorithm (Snowmass convection) with R=0.7 in the (rj — <t>) space. 
Jets were sorted in P^ et and the leading jet defined the direction <j> = 0. The 
<j> space around the leading jet was divided in three regions: towards , away 
and transverse (see Fig. 3-left), and the transverse region was assumed to 
reflect the underlying event contribution. Figure 4-right shows the average 
track multiplicity in the transverse region as a function of P^ et of the leading 
jet. The observed plateau indicates that the underlying event activity is, to 
a large extend, independent from the hard interaction. Figure 4-right shows 
the comparison with different MC predictions with default parameters. It 
becomes clear that the measured track multiplicities provide the necessary 
input to tune the different parameters of the underlying-event models. 



6 Study of W+Arj et Production 

A detailed study of hard processes involving the associated production of a 
W boson and a given number of jets in the final state is a main goal of the 
CDF physics program in Run 2. These processes constitute the biggest back- 
ground to Top and Higgs production in hadron colliders. Therefore, precise 
measurements of W+iVj e ts cross sections will be essential to test the NLO 
QCD calculations used in order to estimate QCD-related backgrounds to 
Top/Higgs signals. 




Fig. 5. (Left) Measured W+iVjet (and Z+7Vj e t) cross sections as a function of jet 
multiplicity compared to VECBOS predictions. (Right) spectrum of the less 
energetic jet in W + Nj et production compared to VECBOS+HERWIG predictions. 






Jet Production at CDF 139 



In Run 1, CDF measured the cross section for W+A/j et production with 
iVjet < 4 [9]. The measurements were compared to an enhanced leading-order 
prediction based on leading-order calculations (as implemented in VECBOS 
[10]) interfaced to HERWIG for additional gluon radiation and hadronization, 
see Fig. 5-left. The measured cross sections were described by the calculations 
that, however, show a large renormalization scale uncertainty. The E dis- 
tribution for the less energetic jet in W+7Vj et events (see Fig. 5-right) which 
is sensitive to the additional gluon radiation from HERWIG, was also well 
described by the enhanced leading-order prediction. 

During the last years a number of new Boson-biVjet programs have be- 
come available [11] which include larger jet multiplicities in the final state, in 
addition to NLO calculations for the W+dijet case. These different programs 
are being interfaced to parton-shower models and will make possible precise 
comparison with Tevatron data as the recorded luminosity of the experiments 
increases. These measurements will become the testing ground for a future 
discovery of new particles either at Tevatron or at the LHC. 
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1 Introduction 

The D0 experiment at the Fermilab Tevatron proton-antiproton collider 
(y/s — 1.8 TeV) accumulated a large sample of high energy jet production 
data during Run 1 (1992-1996). Since March 2001, D0 has engaged in con- 
tinuous data collection with an upgraded detector equipped for the higher 
energy (y/s = 1.96 TeV) and luminosity conditions of the Run 2 Tevatron. 
We summarize here pivotal measurements of Run 1 and consider their com- 
parison to theoretical predictions and to other experiments. These factors 
elucidate D0’s jet clustering algorithm strategy for Run 2 jet measurements. 
Preliminary measurements of jets from the Run 2 D0 experiment are also 
presented. 



2 The Measurement of Jets 

Jet measurements described here rely primarily on D0’s finely segmented 
and calibrated calorimeter [1] to identify jets and measure their energy and 
orientation. The manner in which calorimeter cells are combined to define 
jets depends on the choice of jet clustering algorithm. D0 employed two such 
algorithms in Run 1: a cone algorithm and a ‘for- type’ algorithm. h This pre- 
sentation focuses specifically on the Run 1 measurement of the inclusive jet 
cross section using both algorithms to explain D0’s jet clustering strategy 
for Run 2. The inclusive jet cross section measurement was chosen specifi- 
cally because it is the most comprehensive and sensitive measurement of jets 
over the widest pseudorapidity ( 77 ) range and over the broadest range in jet 
transverse energy (Et). 

For the Run 1 measurements, jets were reconstructed using cone or 
algorithms as indicated. Vertex, jet, and event quality criteria reduce back- 
grounds caused by electrons, photons, noise and cosmic rays. A jet “energy 
scale” corrects for calorimeter response, noise, showering outside of the cone 
radius (cone algorithm), and energy deposits from spectator interactions. 
Unsmearing corrections remove the effect of a finite jet energy resolution. 
Further details may be found in the publications cited in this paper. 
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3 Run I Cone Algorithm 

The Run 1 cone algorithm reconstructs jets using an iterative algorithm with 
a fixed cone size of radius R — 0.7 in rj — </> space. The pseudorapidity is 
defined as rj = — ln[tan |], where 9 is the angle of the jet relative to the in- 
coming proton beam; the angle is the azimuthal angle about the beam axis. 
Et weighted centroids, initially centered on a cone axis corresponding to an 
energetic seed tower, are computed for the cells in the cone about the cone 
axis, iterating toward a cone axis which coincides with the Et weighted cen- 
troid. Difficulties with a cone type algorithm include a seed ambiguity (a bias 
due to the choice of the most energetic towers as the initial jet centroids) and 
a split-merge ambiguity (the difficulty in defining when two nearby clusters of 
energy should be combined to form a single jet). The latter ambiguity neces- 
sitates the introduction of an R sep parameter in the theoretical comparison: a 
minimal angular separation of two partons, mimicking the behavior observed 
at the calorimeter level, before those partons are considered to be distinct. 
The former ambiguity exacerbates the fact that the algorithm at higher or- 
ders in pQCD is not infrared safe (exhibits sensitivity to soft radiation) [2]. 
Nonetheless, most jet analyses used the cone algorithm to reconstruct jets 
in Run 1 because it was the first algorithm implemented (arising from the 
historic Snowmass Accord [3]), because it was more easily employed in the 
software level of the trigger, and because its systematic uncertainties became 
better understood earlier in the course of the analysis of the data. 

Fig. 1 shows the Run 1 D0 measurement [4] of the 77 and Et depen- 
dence of the inclusive jet production cross section using the cone algorithm 
and 95 pb -1 of integrated lumiosity. The solid curves show the theoretical 




Fig. 1 . D0 Run I inclusive cross section as a function of Et in 5 77 regions measured 
using the Run 1 cone algorithm. 
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prediction from JETRAD [5] using CTEQ4HJ PDF’s. As indicated in the 
figure, and demonstrated in detail in a y 2 analysis, the next-to-leading order 
predictions provide good overall agreement with the measurements. The jet 
energy regime and broad rj reach of this measurement probes a significant 
area of previously unexplored phase space at high x (10' ~ 3 < X < 1) and Q 2 
(Q 2 > 2 x 10 3 GeV 2 ) 

The precision of this measurement at high Et has disappointingly ruled 
out new physics at this energy scale, but the results of this measurement 
refined parton distribution functions (PDFs) in this kinematic region. Specif- 
ically, the recent CTEQ6M and MRST2001 PDF sets incorporate these new 
results [6,7]. With these and many other jet measurements of Run 1, D0 
brought the Tevatron into a new era of precision jet physics where for the 
first time, the uncertainty in the measurement is less than the theoretical 
errors. 

4 Run I k T Algorithm and Comparisons 

In Run 1, D0 also explored the use of a recombinant or c fcT-type’ algorithm 
for jet reconstruction. The kr algorithm used by D0 [8] combines energy 
clusters (i and j) based on their relative angular separation ( ARij in rj — (j) 
space) and transverse energy (Etj and Etj) by successive combination: dij = 
min(ET,ii ETj)Alijj / D 2 where D is a stopping parameter ( D = 1.0 for this 
analysis) which approximately characterizes the size of the resulting jets. 
Clusters are combined, recalculating all Etj and AR^ until no d ij is less 
than da. The algorithm starts with a collection of pre-clusters (required to 
reduce the event size during data processing) separated by AR ^ >0.2. After 
running the successive combination algorithm, a list of jets is produced, each 
with transverse energy Et and separated by AR > D from any other jet. 
By employing sensible choices in preclustering, the advantage of the use of 
this algorithm is that the same algorithm can be applied to the theory as 
in the measurement, greatly facilitating theoretical comparisons (no ad-hoc 
parameterizations, like R sep , need to be introduced). 

Fig. 2 shows D0’s Run 1 measurement [9] of the Et dependence of the 
inclusive jet production cross section in the central region (\r]\ < 0.5) using 
the kT algorithm and 87.3 pb -1 of integrated luminosity. The cross section 
exhibits reasonable agreement with next-to-leading order QCD predictions 
except at low Et where a more significant divergence is observed. 

To further explore these differences, the circular data points of Fig. 3 
show the fractional difference between this fcy inclusive jet cross section mea- 
surement and the NLO QCD predictions as a function of Et- The square 
data points show the corresponding distribution for the Run 1 cone algo- 
rithm. The cone algorithm result is in excellent agreement with the theory 
in both shape and overall normalization. In contrast, the fcr fractional differ- 
ence portrays a mismatch with respect to both, but because the uncertainties 
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Fig. 2. D0 Run I inclusive cross section as a function of Et in the central (\rj\ < 0.5) 
region measured using the kr algorithm. 




Fig. 3. Data - Theory / Theory for the inclusive jet cross section measured us- 
ing kr (circles) and cone (squares) algorithms. The JETRAD prediction assumes 
CTEQ4HJ PDF’s. 



are highly-correlated in Et , the normalization differences are not remarkable. 
The departure in shape at low Et in the /ct cross section, however, is not 
consistent with the uncertainties in the data. A full x 2 analysis bears this out 
and moreover shows that if the first four data points are ignored, the pre- 
dictions are consistent with the observed cross section at the 77% probability 
level. 

In a further analysis which matches jets found by the cone and /ct algo- 
rithm, it is found that the cross section for fcr differs from the cone result 
because the individual jets in each event possess more energy than the 
matching cone jet. By removing the extra energy jet-by-jet, the energy differ- 
ence accounts for the entire difference between the cross sections. Hadroniza- 
tion effects were explored in an attempt to account for the difference using 
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a particle level Monte Carlo simulation[10] and were found to account for 
possibly half of the Et difference. 

It is plausible that because jet phenomenology of QCD was largely devel- 
oped within the context of a cone type algorithm, unexpected effects unique 
to the cone algorithm have been inadvertently incorporated in the PDFs. In 
that sense, agreement between theory and cone results is not surprising, nor 
is the marginal agreement between the predictions and the newer kr algo- 
rithm results. Hadronization effects appear to represent at least some of this 
missing piece, but in their current form they are not enough to remove the 
observed discrepancy. 

It is possible that a previously ignored missing effect is not modeled by 
the prediction and is exposed by the kr algorithm. For this reason, it is 
important to continue to use the kr algorithm in future analyses. Because 
of the marginal agreement with theory using the kr algorithm, a cone type 
algorithm has been chosen by D0 as the primarly jet clustering algorithm 
but known limitations of the Run 1 cone algorithm must be addressed as 
discussed in the next section. 



5 Run II 

The collective experience of those involved with Run 1 jet measurements 
and theoretical predictions prove that consistent jet algorithm techniques 
between these groups facilitate comparison of those results. Many interested 
individuals are actively participating in a discussion/ working group cast in 
1999 to explore and define standard jet finding proceedures for all to use in 
Run 2. While the working group continues to discuss ongoing issues, many 
of their findings [11] have been adopted and incorporated into D0’s Run 2 
analysis strategy. 

In contrast to the ET-weighted sums of calorimeter towers of the Run 1 
cone algorithm, the Run 2 cone algorithm is defined by 4-momentum sums of 
the towers inside the cone. To eliminate sensitivity to infrared divergence of 
gluon radiation, effects of seed ambiguity are addressed by adding additional 
midpoint seeds between pairs of jets in close proximity. With these changes, 
D0 adopted the modified cone algorithm as the principle jet finding algorithm 
in Run 2, but D0 continues to explore the use of the kr algorithm. 

Figs. 4 and 5 show the preliminary Run 2 jet inclusive and dijet mass 
spectra obtained using the modified cone algorithm. Only statistical errors 
are shown and the corresponding data set is a fraction of the total collected 
to date. While the data have a preliminary energy correction (30 — 50% 
uncertainty), the plots lack important efficiency corrections and unsmearing 
of energy resolution effects so comparisons to theory would be premature. 

^From these plots, the extended kinematic reach of jet measurements in 
Run II is already apparent. With the increased center-of-mass energy and 
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Fig. 4. Preliminary D0 Run 2 inclusive jet production cross section using the Run 2 
cone algorithm. 
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Fig. 5. Preliminary D0 Run 2 di-jet mass spectrum. 

luminosity of the Tevatron and the capabilities of the upgraded D0 detector, 
we continue to explore the new energy frontier. 
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Analyses of jet production at HERA have become precise enough to perform 
QCD studies which are both competitive and complementary to those at 
e + e~ and pp colliders. This report summarises some of the latest results on 
jet physics from the HI and ZEUS Collaborations. 

1 Introduction 

The high-energy ep interactions at the HERA collider provides a powerful 
laboratory to test the prediction of Quantum Chromo-Dynamics (QCD). In 
this theory, the interactions between quarks and gluons produce partons with 
large transverse momenta, which fragment into hadronic jets. 

In recent years the experimental uncertainties have been substantially 
reduced and the tools to compute the theoretical predictions have been refined 
so that more accurate QCD studies are possible with jet physics at HERA. 

This report presents a selection of the latest results obtained by the HI 
and ZEUS Collaborations at the HERA collider in both the photoproduction 
and deep inelastic scattering (DIS) regimes. 



2 Photoproduction of Jets 

The photoproduction of jets with high transverse energy is described by the 
hard interactions of real photons with the partons inside the proton. These 
interactions are separated into two classes: direct processes, in which the 
photon interacts as a point-like particle with a parton in the proton, and 
resolved processes, in which the photon has an hadronic structure and one of 
the partons in the photon scatters a parton in the proton. In order to separate 
these two processes, the variable x 1 is used. This quantity is the fraction of 
the photon’s momenta which takes part in the interaction. It is expected that 
high values of x 7 , i.e. close to unitiy, are related to direct processes, whilst 
the resolved processes have a distribution on this variable at lower x 1 values. 
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2.1 The Internal Structure of the Photon 

The study of dijet production in the photoproduction regime gives informa- 
tion on the partonic content of the photon as well as providing a test of the 
QCD predictions. The variable x 1 is reconstructed from the transverse ener- 
gies and pseudorapidities of the two jets with the highest transverse energies: 

X 1 = 2 ~g~ [£r,jetl exp(-T/jetl) + E T jet 2 exp(-7/j e t2)] , (1) 

where E 1 is the energy of the incoming quasi-real photon. 

Measurements of dijet cross sections in the photoproduction regime are 
sensitive to both proton and photon parton distribution functions (pdfs), as 
shown in the analyses of the HI and ZEUS Collaborations [ 1 , 2 ]. The data 
is reasonably well described by the next-to-leading order (NLO) QCD pre- 
dictions. Due to the small uncertainties in the proton pdfs, well constrained 
by the DIS data, the measurements of dijet photoproduction can be used to 
study the structure of the photon. 

In order to use these data to precisely constrain the photon pdfs, a reduc- 
tion of the theoretical scale uncertainties, possibly via the inclusion of higher 
orders, is needed [ 1 , 2 ]. At present, the data are only used to test the existing 
paramet erisat ions . 

Apart from testing the photon pdfs, dijet photoproduction has also been 
used to perform searches of high-mass resonances decaying into two partons, 
which are observed as a high-mass dijet system. In an analysis performed 
by the ZEUS Collaboration [3], no resonances are observed over the QCD 
background and upper limits on its production are presented. In this analysis, 
a 95% C.L. limit on the cross section for Z° photoproduction at HERA has 
been obtained for the first time, cr e +p^e+z°x < 5.9 pb, which is, however, 
well above the cross section predicted by the Standard Model, around 0.3 pb. 

2.2 Multijet Photoproduction 

The photoproduction of more than two jets per event is related to higher 
order interactions, but is also sensitive to multi-parton interactions (MPI), 
i.e. photon-proton collision in which more than one hard scattering is present 
at the parton level. The study of multijet production is sensitive to MPI, 
which at present cannot be described from first principles, but have to be 
modelled phenomenologically [4,5]. 

The ZEUS Collaboration has measured the production of four jets in 
7 p interactions to study the sensitivity to multi-parton interactions [ 6 ]. In 
this analysis, the four-jet system is reduced to a three pseudo-jet system by 
combining the two jets with the lowest invariant mass in order to exploit the 
advantages of the variables used in the three-jet events studied previously [7]. 

The variable used to study the sensitivity to multi-parton interactions is 
cos # 3 , where 9s is the angle between the pseudo jet with the highest trans- 
verse energy and the beam in the four-jet rest frame. The cos 9s distribution 
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Fig. 1. The cos O3 distribution for the inclusive four-jet sample (left) and for 
the high-mass, m^j > 50GeV, sample (right). The predictions of HERWIG and 
PYTHIA with and without including different models for MPI are shown 



is shown in Fig. 1 for the inclusive sample and for events in which the invari- 
ant mass of the four-jet system, 777,4 j, is greater than 50 GeV. The inclusive 
sample is not described without the inclusion of multi-parton interactions. 
However, the precision in the data is not yet good enough to distinguish 
between the two models considered, the PYTHIA+MPI [ 5 ] and the HER- 
WIG+Jimmy [ 4 ] models. The use of the soft underlying event in HERWIG 
is not able to describe the data in this kinematic region, indicating that the 
presence of a soft underlying event cannot account for the results. 

For high 777,47, the sensitivity to multi-parton interactions becomes smaller 
and all models give a reasonable description of the data. 



2.3 Inclusive Jet Photoproduction 

Inclusive photoproduction of jets allows additional tests of QCD with smaller 
theoretical uncertainties than in dijet production. On the other hand, the 
sensitivity to the partonic content of the photon is smaller and the present 
experimental and theoretical precision does not allow discrimination between 
different parametrisations of photon pdfs. 

The results by the HI and ZEUS Collaborations [8] have been used to 
test the QCD predictions. NLO QCD calculations provide a very good de- 
scription of the data, both in normalisation and shape, over several orders of 
magnitude. 




150 Oscar Gonzalez 



3 Jet Physics in DIS 

The study of jet production in DIS is complementary to jet photoproduction 
and provides direct access to the underlying parton dynamics. In this regime, 
the exchange boson is virtual so that the virtuality, Q 2 , provides a second 
hard scale in addition to the transverse energy of the produced jets. 

Jet production in DIS is very sensitive to QCD for jets produced with 
high transverse energy in the Breit frame [9]. In this frame, the exchanged 
virtual boson is purely space-like, with three-momentum q — (0, 0,0, — Q). 
The production of jets with high energy in the transverse direction is only 
possible if hard partons are radiated. Thus, cross sections for producing high 
transverse energy jets in the Breit frame are directly proportional to the 
strong coupling constant, a s , at the lowest order in the perturbative QCD 
expansion. 

Measurements of jet cross sections in DIS have been compared to the 
theoretical predictions in order to test the QCD predictions at HERA in 
widely different kinematic regions and parton configurations. Some of the 
results are described in the following sections. 

3.1 Jet Cross Sections at Low Q 2 and at Forward Angles 

The QCD studies performed by means of jet production in neutral current 
DIS at HERA focused on three topics: exploration of the low Q 2 region, 
forward- and multi-jet production and precise tests of QCD predictions. 

In the first topic, recent results by the HI Collaboration on the inclusive 
production of jets [10] in the region 5 < Q 2 < 100 GeV 2 show that improved 
calculations, possibly by including higher order (e.g. NNLO) terms in the 
perturbative QCD expansion, are needed to understand low transverse energy 
jet production in DIS at low Q 2 ; in this kinematic region the data are porrly 
described by NLO QCD and the theoretical uncertainties are large. 

This disagreement between data and NLO is specially large for jets pro- 
duced in the forward region, i.e. close to the proton remnant. In order to 
study the sensitivity to the evolution scheme, the HI Collaboration has pre- 
sented the results of a specific analysis [11] on forward jet production at 
HERA. The results are summarised in Fig. 2, where data are presented as a 
function of Bjorken x and compared to three different models. The predic- 
tion of the colour-dipole model as implemented in ARIADNE [12], which is 
close to the BFKL evolution scheme, describes well the data, whilst that of 
RAPGAP (RG) [13], using the standard DGLAP evolution, is only able to 
describe the data when a contribution from resolved virtual photons is added. 
The CASCADE program [14], which embodies the CCFM evolution equation, 
predicts a rate of forward- going jets which is too high. These conclusions are 
independent on the minimum transverse momentum of the selected jets used 
in the analysis. 
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Fig. 2. Differential cross section for forward jet production as a function of Bjorken 
x for two different selection cuts on the transverse momentum of the jets. Also shown 
are the predictions from several Monte Carlo models 



3.2 Multijet Production in DIS 

The production of more than two jets with high transverse energy in the 
Breit frame in DIS are related to higher powers of a s in the perturbative 
QCD expansion. Thus, measurements of multijet production in DIS allow 
the realisation of tests of the QCD predictions to higher order in a s . This 
is the aim of an analysis by the HI Collaboration [15] which shows that the 
NLO QCD predictions provide a good description of the three-jet data over 
a large range in Q 2 . Furthermore, the ratio of three- to two-jet cross sections 
is well reproduced by NLO QCD. The leading-order (LO) QCD prediction 
is not able to describe the measured ratio as a function of Q 2 . It should be 
noted that this type of observable allows the performance of precise QCD 
tests since some experimental and theoretical uncertainties cancel out in the 
ratio. 



3.3 Precise Tests of QCD from Jet Production in DIS 

Recent efforts to understand both the experimental and the theoretical as- 
pect of the analyses of jet production in the Breit frame in DIS has been 
done in order to achieve the high possible precision in the QCD studies at 
HERA using jets. The knowledge of the jet energy scale at the l%-2% level 
has been applied in precise measurements in kinematic regions in which the 
perturbative QCD predictions are well understood. 

The most recent analysis [16] was performed by measuring inclusive jet 
production at high Q 2 in order to reduce the uncertainties which affects the 
low Q 2 region and those introduced by the additional cuts needed in dijet 
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Fig. 3. The normalised differential 
cross section as a function of the 
azimuthal angle in the Breit frame 
for inclusive jet production. The 
NLO QCD predictions are shown 
for two choices of the renormalisa- 
tion scale 
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Fig. 4. Values of a s as measured by HI 
and ZEUS at different energy scales. The 
values are compared with the running pre- 
dicted in perturbative QCD assuming the 
world average value for a s (Mz ) 



production in order to remove infrared-sensitive regions [17]. The data are 
well described over many orders of magnitude by NLO QCD calculations 
corrected by hadronisation effects. The differences between data and NLO 
QCD are of the same size as the theoretical uncertainties. This result provides 
a very precise test of QCD in describing jet production in DIS. 

Figure 3 shows the distribution of the azimuthal angle of the jets in the 
Breit frame at Q 2 > 125 GeV 2 , performed by the ZEUS Collaboration [18]. 
The measurements are well described by NLO QCD calculations, which pre- 
dict a non-uniform distribution of the form A + C cos 20 [19]. This is the first 
time that the azimuthal asymmetry predicted in QCD has been observed in 
DIS using jets. 

In addition to the realisation of precise tests of QCD, the HERA data 
have been used to determine a s with a precision comparable to the best 
individual determinations in the world [16,20]. The measured values of c* s , 
obtained at different scales, presented in Fig. 4, display a running which is 
in good agreement with that predicted in QCD. 



4 Conclusions 

Jet studies at HERA allow precise tests of QCD predictions which are both 
competitive and complementary to those from other reactions. 

With the present precision, jet physics at HERA provides results on sev- 
eral topics in QCD, including tests of perturbative QCD predictions beyond 
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leading order, studies of the hadronic structure of the photon, studies of 
multijet and forward jet production and precise determinations of a s . 

In many of these analyses the uncertainties of the theoretical predictions 
are presently limiting the potential of jet physics at HERA. 
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1 Introduction 

Isolated high transverse energy (“prompt”) photons have a point-like cou- 
pling to the hard interaction, allowing for direct probes and precision tests 
of perturbative QCD (pQCD). The particular virtue of prompt photon pro- 
cesses is that the observed final state photon emerges directly from a QCD 
diagram without the subsequent hadronisation which complicates the study 
of high Et quarks and gluons. This avoid all the systematics associated with 
jet measurement. 

A strong motivation for the early prompt photon measurements from 
hadron collisions was the extraction of the gluon density in nucleons. How- 
ever, due to large statistical and systematic uncertainties in the experiments 
and large uncertainties in the theoretical predictions, the first generation of 
prompt photon experiments failed to distinguish between hard gluon and soft 
gluon distributions. 

Over the past few years many theoretical studies of prompt photon pro- 
duction have been performed with continuous improvements in the theoretical 
precision and new phenomenological modelling was introduced to interpret 
the experimental results. It included the definition of the scale of the interac- 
tion, unknown amounts of effective transverse momentum of the initial state 
partons, and a lack of a complete calculation of higher-order contributions 
for prompt photon production. 

In addition, there are a large number of theories which predict new physics 
with photons in the final states. These theories include: H 77 , Grand 
Unified Theories, composite models of quarks and leptons, large extra di- 
mensions, SUSY models and technicolor models. Therefore it is important 
to understand QCD photon production in order to reliably search for new 
physics with photons in the final states. 

The aim of this talk is to present the recent measurements of prompt 
photon production to lead us to a deeper understanding of some fundamental 
questions of QCD and the partonic nature of matter. The recent experimental 
results of prompt photon production in the hadronic collisions, pp and ep, 
will be briefly discussed and the current issues in prompt photon production 
will then be reviewed. 
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2 Prompt photon production at the Tevatron 

In Run I both CDF and D0 experiments at the Tevatron have performed 
pure QCD tests with prompt photons in a number of different ways [1,2]: (1) 
the cross section measurement of inclusive photon production at \fs = 1.8 
TeV and y/s = 630 GeV to provide some constraint on the gluon distributions 
through the LO Compton scattering process, (2) photon plus two jet angular 
distributions to make a distinction between prompt photon production and 
bremsstrahlung, (3) photon plus charm production to test the heavy flavor 
content of the proton, and (4) diphoton production for a direct measurement 
of the parton intrinsic transverse momentum, kr- In particular, the Run 
II data will provide an important testing ground for novel approaches and 
improvements in the understanding of the prompt photon process. This can 
help to solve the present issues which will be discussed in section 4. 

The CDF and D0 experiments have different analysis tools to identify the 
photon signal from the mixture of photons and a neutral meson background. 
For the CDF measurement the fraction of photon candidate events that have 
an observed conversion in the material just in front of the calorimeter is 
used, along with the transverse shower shape measured in a proportional 
chamber at shower maximum in the calorimeter itself. In the end one of the 
two methods is used to evaluate point-by-point the fraction of photons in 
the data sample. For the D0 measurement the fraction of energy observed 
in the first two longitudinal layer of the EM calorimeter is used. The fraction 
is then fitted to a smooth function as a function of transverse energy of the 
photon and this smooth curve is used to evaluate the photon purity. 




Fig. 1 . (Left) Comparison of the CDF isolated prompt photon cross sections at 
y/s — 1.8 TeV to CTEQ5M, CTEQ5M with a 4 GeV kr correction, and CTEQ5M 
with parton showering. (Right) Difference between the measured differential cross 
section for D0 isolated photon production at yfs = 1.8 TeV and prediction from 
NLO QCD. 
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2.1 Run I results 

Recent CDF and D0 measurements of the inclusive prompt photon cross 
section at y/s = 630 GeV and 1.8 TeV are quite consistent with NLO QCD 
predictions for the high E J region (> 25 GeV), while both lie above theory at 
lower Ej, [1,2]. These discrepancies are difficult to explain with conventional 
theoretical uncertainties such as scale dependence and parton distribution 
parameterizations. One explanation proposed for the discrepancy at low Ej, is 
an inadequate description of the initial-state parton shower in the NLO QCD 
calculation which could give a recoil kx to the photon-jet system. Including 
an additional transverse momentum, kx, by adding a few GeV of simple 
Gaussian smearing to the NLO QCD calculation yields better agreement with 
the CDF data. This can be seen in the CDF results shown in Fig.l (left). 
Using diphoton events, CDF has also measured <kx> = 3.6 =b 0.8 GeV at 
y/s = 1.8 TeV. At high px , the CDF data and theory disagree by an overall 
normalization factor and similar deficit is observed for the UA2 data; the 
CDF data in Fig.l (left) have been normalized upwards by a factor of 1.25 
for the benefit of a shape comparison. There is currently no explanation for 
this effect. 

D0 has measured the production cross section for isolated photons at 

= 630 GeV and compared the cross section with that measured at y/s 
= 1.8 TeV. The measurement is higher than the theoretical prediction at 
low Et in the central rapidity region but agrees at all other E T and in the 
forward rapidity region, as shown in Fig.l (right). The difference between 
data and theory for Ej, < 36 GeV suggests that a more complete theoretical 
understanding of the origin of the low Ej, behavior of the photon cross section 
is needed before information on the gluon distribution at lower x can be 
extracted. 

More recently, CDF has made the first measurement of the heavy flavor 
content of associated prompt photon plus muon events [3]. The measured 
cross section as a function of photon px agree in shape with the theoretical 
predictions, but fall below the theory in normalization by two standard devi- 
ations. The ratio of charm/bottom production is measured to be 2.4 ± 1.2, 
in good agreement with QCD models. 

2.2 Run II prospects 

Studies of the prompt photon cross section will continue into Run II at Teva- 
tron, where a full 15 fb -1 of data are anticipated. In addition, other photon 
analyses such as diphoton production and photon + heavy flavor production 
will play a leading role in test of QCD and searches for new phenomena. 
In diphoton events, for example, where the final state kinematics can be 
completely reconstructed, the diphoton mass can be measured with good 
resolution out to nearly 600 GeV. 
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3 Prompt photon production at HERA 

Prompt photon processes at HERA could yield information about the quark 
and gluon content of the photon, together with the gluon structure of the 
proton. As with all photoproduction processes at HERA, two major classes 
of prompt photon production can be defined in lowest-order QCD, depend- 
ing on how the photon interacts with a parton in the proton: direct and 
resolved processes. In this section the prompt photon production at HERA is 
discussed. Cross sections for inclusive prompt photons and for prompt pho- 
tons accompanied by jets are compared with theory, and the latter is used to 
determine the effective transverse momentum of the quarks in the proton. 

3.1 Inclusive photoproduction of prompt photons 

The ZEUS experiment has measured the cross sections for prompt photon 
production as a function of the pseudorapidity and the transverse energy 
of the photon in the 7 p center-of-mass energy, W 1P , range 134-285 GeV[4]. 
Fig. 2 shows the inclusive prompt photon cross section as a function of rf for 
photons with 5 < Ej, < 10 GeV. Comparisons have been made with predic- 
tions from LO Monte Carlo models, and from NLO parton-level calculations. 
The models are able to describe the data well for forward rf , but are low in 
the rear direction. None of the available variations of the model parameters 
was found to be capable of removing the discrepancy with the data. This 
result would appear to indicate a need to review the present theoretical mod- 
elling of the parton structure of the photon. The recent FGH calculation [ 6 ] 
contains the NLO terms in LG and also a box diagram term that is included 
in K&Z. It is a slight improvement, but again fails to account fully for the 
backward cross section. 

The HI experiment has also measured the cross sections for inclusive 
prompt photon production as a function of the E J and rf for Ej > 5 GeV 
and — 1 < rf < 0.9 in the W 1P range 142-266 GeV[7]. The measured cross 
sections are quite well described by recent NLO calculations by FGH[ 6 ], but 
the prediction is above the data in the forward region. This small difference 
may be due to the lack of the effect of multiple parton interactions (MI) 
in the NLO calculation. The HI results are roughly consistent with ZEUS 
results, but systematically tend to be lower at negative rf . 

3.2 Photoproduction of prompt photon and jets 

Most recently, photoproduced final states containing a prompt photon bal- 
anced by a recoil jet have been measured by ZEUS [5] . Events in the W 1P range 
between 134 and 251 GeV were selected containing a photon with Ej > 5 
GeV and —0.7 < rf < 0.9 and a jet with E ^ et > 5 GeV and —1.5 < r]^ et < 1.8. 
The kinematic properties of the photon-jet system were used to investigate 
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Fig. 2. Inclusive prompt photon distribution in ZEUS for events in the range 
134 < W 1P < 285 GeV. The data are compared with (a) PYTHIA and HERWIG 
predictions using the GRV(LO) photon parton densities, (b) NLO calculations of 
Krawczyk and Zembrzuski (K&Z) and Gordon (LG) using GRV(HO) and GS(HO) 
photon parton densities. 





the effective transverse momentum of the quarks in the proton, within the 
framework of the PYTHIA 6.129 Monte Carlo. In these events, the transverse 
momentum <p±> of the prompt photon perpendicular to the jet direction 
in the r-</> plane is sensitive to the momentum of the quarks in the proton, 
as is the azimuthal angle between the prompt photon and the jet. The nor- 
malised distribution of <p±> was used to fit the PYTHIA parameter fc 0 , the 
so-called “intrinsic” parton momentum in the proton. By combining fco with 
the effects of the initial-state parton showers, it is possible to obtain an over- 
all value for the effective transverse momentum of the partons in the proton. 
A fit to the data gave a <kr> value of 1.69 ± 0.18 1 q’ 20 GeV. The ZEUS 
result is consistent with the trend shown by all the measurements, namely 
that the value of <kr> rises with hadronic interaction energy. This may be 
attributed to the effects of initial-state gluon radiation, but a full theoretical 
description is still awaited. 



3.3 Prompt photons in deep inelastic scattering 

First measurements of cross sections for isolated prompt photon production 
in deep inelastic scattering were made with the ZEUS detector for photon 
virtualities above 35 GeV 2 [8] . A signal for isolated photons in the transverse 
energy and pseudorapidity range 5 < Ej <10 GeV, — 0.7<r/ 7 <0.9 was ob- 
served, after the subtraction of the background from neutral measons. Cross 
sections are measured for inclusive prompt photons and for those accompa- 
nied by one jet in the range E ^ > 6 GeV, — 1.5 < rp < 1.8. Theoretical 
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calculations made to 0(a 2 a s ) describe reasonably well the measured photon 
plus jet cross sections. 



4 Current issues in photon production 

As described already the prompt photon production in hadron collisions has 
long been viewed as a clean test of QCD, and large amounts of data exist 
now from fixed target and pp, as well as yp interactions. However there are 
several problems associated with the interpretation of these data. As seen in 
Fig. 3 (left), a pattern of deviations has been observed between measured 
prompt photon cross sections and QCD calculations. Much larger deviations 
from QCD are observed in the higher-statistics photon data from the E706 
experiment [10]. Recent results from CDF and D0 also have a steeper slope 
above theory at low Et region [1,2]. 

One possible explanation is that the partons in the proton may effectively 
have considerably higher mean intrinsic transverse momentum, <kr > , than 
the traditionally assumed value of a few hundred MeV. Evidence for signifi- 
cant <kr> effects has been found in several measurements of dimuon, dipho- 
ton, and dijet pairs. Fig. 3 (right) shows the summary of <kr> for a wide 
range of the hadronic center-of-mass energy, W, of the incoming particles. 
Although each experiment use different experimental methods to determine 
the parton <kr > , it can be seen that all measurements are consistent with 
the trend for <kr> to rise with increasing W. 
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Fig. 3. (left) Comparison of photon Xt{= 2Ej,/y/s) for different prompt photon 
experiments, (right) Measurement of effective <kr> for a number of experiments 
are plotted against the center-of-mass energy. 



From a more basic point of view, the presence of additional initial-state 
multiple gluon emission beyond NLO in QCD can increase the effective kr 




160 Sung- Won Lee 



values of hard-scattering partons, and may help to generate the effects ob- 
served. In the recent theoretical work the resummed pQCD calculations for 
inclusive prompt photon production are currently under development in order 
to interpret the kr issues in prompt photon physics. The full (threshold and 
recoil) resummation formalism can be expected to provide a solid foundation 
for the treatment of kr [12]. 

5 Summary 

We have considered the our current knowledge of prompt photon production 
in hadronic collisions, the status of experimental results and current issues 
in this area, in both experimental and theoretical aspects. Prompt photon 
analyses at the Tevatron in Run II and HERA are well underway and high 
luminosity photon data should provide experimental guidance to a better 
theoretical modelling of prompt photon production. A better theoretical un- 
derstanding of prompt photon production will also give us a deeper under- 
standing of some fundamental questions of QCD and the partonic nature of 
matter. 
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Summary. We review a recent global analysis of inclusive single-charged-hadron 
production in high-energy colliding-beam experiments, which is performed at next- 
to-leading order (NLO) in the parton model of quantum chromodynamics endowed 
with nonperturbative fragmentation functions (FFs). Comparisons of pp data from 
CERN SppS and the Fermilab Tevatron and 7 p data from DESY HERA with the 
corresponding NLO predictions allow for quantitative tests of the scaling violations 
in the FFs and their universality. We emphasize the potential of new measurements 
at the Tevatron to place tight constraints in the large- £ region and on the gluon 
FF, complementary to those from e + e _ data, which are indispensible in order to 
reliably predict the 7r° background for the H — >* 77 signal of the intermediate-mass 
Higgs boson at the Tevatron and the CERN LHC. Adopting a similar theoreti- 
cal framework for 6-hadron production, we show that the notorious excess of the 
Tevatron data over existing theoretical calculations can be ascribed, at sufficiently 
large values of pr , to nonperturbative fragmentation effects inadequately included 
previously. 



1 Introduction 

In the framework of the QCD-improved parton model, the inclusive produc- 
tion of single hadrons is described by means of fragmentation functions (FFs) 
D%(x, pi 2 ). The value of fi 2 ) corresponds to the probability for the par- 

ton a produced at short distance 1/ pi to form a jet that includes the hadron 
h carrying the fraction x of the longitudinal momentum of a. Unfortunately, 
it is not yet possible to calculate the FFs from first principles, in particular 
for hadrons with masses smaller than or comparable to the asymptotic scale 
parameter A. However, given their x dependence at some energy scale pi , the 
evolution with pi may be computed perturbatively in QCD using the timelike 
Altarelli-Parisi (AP) equations [1]. This allows us to test QCD quantitatively 
within one experiment observing single hadrons at different values of centre- 
of-mass (CM) energy yfs (in the case of e + e~ annihilation) or transverse 
momentum pp (in the case of scattering). Moreover, the factorization theo- 
rem guarantees that the D^(x,/i 2 ) functions are independent of the process 
in which they have been determined and represent a universal property of h. 
This enables us to make quantitative predictions for other types of experi- 
ments as well. 
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During the last seven years, the experiments at CERN LEP1 and SLAC 
SLC have provided us with a wealth of high-precision information on how par- 
tons fragment into low-mass charged hadrons (/i ± ). The data partly comes 
as light-, c-, and 6-quark-enriched samples without [2,3] or with identified 
final-state hadrons (7r ± , K ± , and p/p) [4] or as gluon-tagged three-jet sam- 
ples without hadron identification [5,6]. Motivated by this new situation, the 
author, together with Kramer and Potter, recently updated, refined, and 
extended a previous analysis [7] by generating new leading-order (LO) and 
next-to-leading-order (NLO) sets of ir^, K ± , and p/p FFs [8]. By also in- 
cluding in our fits tt ± , K ± , and p/p data (without flavour separation) from 
PEP [9], with CM energy yfs — 29 GeV, we obtained a handle on the scal- 
ing violations in the FFs, which enabled us to determine the strong-coupling 
constant a^(Mz)- 

The formation of D and B mesons from c and b quarks, respectively, 
is a genuinely nonperturbative process, so that it is indispensable to em- 
ploy nonperturbative FFs. Furthermore, if the characteristic energy scale p 
is large against the heavy-quark mass m c (ra*,), then the QCD-improved par- 
ton model with n/ = 4 (n/ = 5) active quark flavours is the appropriate 
theoretical framework, which allows for coherent analyses of data from e + e - , 
lepton-hadron, and hadron-hadron collisions [10,11]. 

This contribution is organized as follows. In Sect. 2, we present some 
details of our global fits [8] and assess the quality of the resulting FFs. We 
also discuss the determination of a^(Mz) from the scaling violations in 
the FFs [12]. In Sect. 3, we present comparisons of our NLO predictions for 
inclusive charged-hadron production [13] with pp data from SppS [14] and the 
Tevatron [15] and with jp data from HERA [16]. In Sect. 4, we demonstrate 
that the pr distribution of inclusive E-meson hadroproduction measured by 
CDF [17,18] is well described at NLO in the QCD parton model with rif = 5 
endowed with nonperturbative FFs, once the latter are fitted to LEP1 data 
[19]. Our conclusions are summarized in Sect. 5. 

2 Determination of the FFs 

The NLO formalism for extracting FFs from measurements of the cross sec- 
tion do/dx of e + e - — » h + X is comprehensively described in [7]. We work 
in the modified minimal-subtraction (MS) renormalization and factoriza- 
tion scheme and choose the renormalization and factorization scales to be 
p R — p F = £>/s, except for gluon-tagged three-jet events, where we put 
AH? = = £ x 2Fjet, with Ejet being the gluon-jet energy in the CM frame. 

Here, the dimensionless parameter £ is introduced to determine the theoret- 
ical uncertainty in a^(Mz) from scale variations. As usual, we allow for 
variations of £ between 1/2 and 2 about the default value 1. 

Our strategy was to only include in our fits LEP1 and SLC data with 
both flavour separation and hadron identification [4], gluon-tagged three- 
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Fig. 1. (a) Comparison of data on inclusive charged-hadron production at y/s = 
91.2 GeV from ALEPH ( triangles ), DELPHI (circles), and SLD ( squares ) [4] with 
our LO ( dashed lines ) and NLO (solid lines ) fit results [8]. The upmost, second, 
third, and lowest curves refer to charged hadrons, 71 ^, , and p/p , respectively, (b) 

Comparison of three-jet data on the gluon FF from ALEPH with Ej et = 26.2 GeV 
(upper curves) and from OPAL with Ej e t = 40.1 GeV (lower curves) [5] with our 
LO (dashed lines) and NLO (solid lines) fit results [8] 



jet samples with a fixed gluon-jet energy [5], and the 71 ^, K ± , and p/p 
data sets from the pre-LEPl/SLC era with the highest statistics and the 
finest binning in x [9]. The x 2 value per fitted data point turned out to be 
Xdf ~ 0-97 (0.98) at LO (NLO). The goodness of our fit may also be judged 
from Figs. 1(a) and (b), where our LO and NLO fit results are compared 
with the ALEPH, DELPHI, OPAL, and SLD data [4,5]. Other data served 
us for cross checks [2,3,6,20,21]. In particular, we probed the scaling viola- 
tions in the FFs through comparisons with 7r ± , K ± , and p/p data from DESY 
DORIS and PETRA, with CM energies between 5.4 and 34 GeV [20]. Fur- 
thermore, we tested the gluon FF, which enters the unpolarized cross section 
only at NLO, by comparing our predictions for the longitudinal cross section, 
where it already enters at LO, with available data [2,21]. Finally, we directly 
compared our gluon FF with the one recently measured by DELPHI in three- 
jet production with gluon identification as a function of x at various energy 
scales pi [6]. All these comparisons led to rather encouraging results. We also 
verified that our FFs satisfy reasonably well the momentum sum rules, which 
we did not impose as constraints on our fits. 

Since we included in our fits high-quality data from two very different en- 
ergies, namely 29 and 91.2 GeV, we were sensitive to the running of a 3 (p) and, 
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therefore, able to extract values of A^. We obtained ALT = 88 MeV 

7 A/TG A4Q — ,i 1 — z.i 



( 5 ) qo +34 +3 



MS 



MS 



at LO and A^ = 213^ ^9 MeV at NLO, where the first errors are exper- 
imental and the second ones are theoretical. From the LO and NLO formulas 
for <ai n/ ^(/i), we thus obtained a^(Mz) = 0. 1181 —0 0049 (LO) and 

af\Mz) = 0069 -0 0025 (NLO), respectively, which is already in- 

cluded in the most recent world average by the Particle Data Group [22]. 

As expected, the theoretical error on af\Mz) is significantly reduced as we 
pass from LO to NLO. We observe that our LO and NLO values of af\Mz) 
are quite consistent with each other, which indicates that our analysis is per- 
turbatively stable. The fact that the respective values of A^ significantly 

differ is a well-known feature of the MS definition of ai n/ ^(/i) [23]. 



3 Global Analysis of Collider Data 

Recently, we extended our previous tests of scaling violations [8] to higher 
energy scales by confronting new data of e + e~ — > + X from LEP2 [24], 

with ranging from 133 GeV up to 189 GeV, with NLO predictions based 
on our FFs [13]. Furthermore, we quantitatively checked the universality of 
our FFs by making comparisons with essentially all available high-statistics 
data on inclusive charged-hadron production in colliding-beam experiments 
[13]. This includes pp data from the UA1 and UA2 Collaborations [14] at 
SppS and from the CDF Collaboration [15] at the Tevatron, jp data from 
the HI and ZEUS Collaborations [16] at HERA, and 77 data from the OPAL 
Collaboration [25] at LEP2. In hadroproduction and photoproduction, we set 
fx R = fji F — £p T . As for the parton density functions (PDFs) of the proton, 
we employed set CTEQ5M provided by the CTEQ Collaboration [26], with 
A^ = 226 MeV. As for the photon PDFs, we used the set by Aurenche, 
Fontannaz, and Guillet (AFG) [27]. In all cases, we found reasonable agree- 
ment between the experimental data and our NLO predictions as for both 
normalization and shape, as may be seen from Fig. 2. We conclude that 
our global analysis of inclusive charged-hadron production provides evidence 
that both the predicted scaling violations and the universality of the FFs are 
realized in nature. 



4 Inclusive B-Meson Production 

The QCD-improved parton model implemented in the MS renormalization 
and factorization scheme and endowed with nonperturbative FFs, which 
proved itself so convincingly for light- [7,8,13] and D* ± -meson [10] inclu- 
sive production, also provides an ideal theoretical framework for a coherent 
global analysis of H-meson data [11], provided that p m^, where p is the 
energy scale characteristic for the respective production process. Then, at 
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Fig. 2. Comparisons of (a, b) SppS [14] and (c) Tevatron [15] data of pp — > + X 

and (d) HERA data of yp — > hr* 1 + X [16] with our NLO predictions [13] 



LO (NLO), the dominant logarithmic terms, of the form a ™ ,n+1 ln n (/x 2 /ra 2 ) 
with n — 1,2,..., are properly resummed to all orders by the AP evolution, 
while power terms of the form (ra 2 //i 2 ) are negligibly small and can be 
safely neglected. The criterion // > is certainly satisfied for e + e - an- 
nihilation on the Z-boson resonance, and for hadroproduction of B mesons 
with pp mb . Furthermore, the universality of the FFs is guaranteed by 
the factorization theorem [28], which entitles us to transfer information on 
how b quarks hadronize to B mesons in a well-defined quantitative way from 
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(a) x (b) p T [GeV] 

Fig. 3. (a) Our LO and NLO fits [11] to OPAL data of e + e~ — > B + X [19]. (b) 
Comparison of CDF data of pp — » B + X [17,18] with our LO and NLO predictions 
[ 11 ] 



e + e - annihilation, where the measurements are usually most precise [19,29], 
to other kinds of experiments, such as hadroproduction [17,18]. 

In [11], the distribution in the scaled B-meson energy x = 2 Es/y/s mea- 
sured by OPAL [19] at LEP1, which is compatible with the subsequent mea- 
surements by ALEPH at LEP1 and SLD at SLC [29], was fitted at LO and 
NLO using three different ansatze for the b — > B FF at the starting scale 
/i 0 = 2 = 10 GeV. The best fit was obtained for the ansatz by Peterson 
et al. (P) [30], with = 0-67 (0.27) at LO (NLO) [see Fig. 3(a)]. The £ 
parameter was found to be e = 0.0126 (0.0198). We emphasize that the value 
of e carries no meaning by itself, but it depends on the underlying theory 
for the description of the fragmentation process b — >> B, in particular, on 
the choice of the starting scale /io, on whether the analysis is performed in 
LO or NLO, and on how the final-state collinear singularities are factorized 
in NLO. In Fig. 3(b), the B + -meson pr distribution measured by CDF in 
Run 1A [17] and Run 1 [18] is compared with our LO and NLO predictions 
evaluated using the CTEQ6 proton PDFs [31] and the BKK-P B-meson FFs 
[11] and choosing fi^F = x 2mT, where mr = \Jv\ + m l- The the- 
oretical uncertainty at NLO is estimated by independently varying £# and 
£f from 0.5 to 2 about the default value 1. It only amounts to ^ 27 ^ 

Pt = 15 GeV, but steadily increases towards smaller values of pt, reaching 
^ 45 % at pt = 10 GeV. Variations in the proton PDFs and the ansatz for the 
b B FF [11] only reach a few percent. We observe that the Run 1A data 
comfortably lies within the theoretical error band, while the full Run 1 data 
tends to be somewhat on the high side, especially in the upmost pr bin. 
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In the case of 77 — » D* ±J rX at LEP2, the inclusion of finite-m c effects was 
found to reduce the cross section by approximately 20 % ( 10 %) at pt = 2 m c 
(3 m c ) [32], i.e., their magnitude is roughly m 2 c /p as naively expected. By 
analogy, one expects the finite-ra^ terms neglected in [ 11 ] to have a moderate 
size, of order 20% (10%) at pt = 10 GeV (15 GeV). This is considerably 
smaller than the scale uncertainty and appears insignificant compared to the 
excess of the CDF data [17,18] over the traditional NLO analysis [33] in a 
scheme with rif — 4 active quark flavours, where the b quark is treated in 
the on-mass-shell renormalization scheme. In this massive scheme, there are 
no collinear singularities associated with the outgoing 5-quark lines that need 
to be subtracted and absorbed into the FFs. In fact, in this scheme there is 
no conceptual necessity for FFs at all, but they are nevertheless introduced 
in an ad-hoc fashion in an attempt to match the B-meson data. However, in 
the absence of a subtraction procedure, there is also no factorization theorem 
in operation to guarantee the universality of the FFs [28]. By the same to- 
ken, such FFs are not subject to AP evolution. Thus, there is no theoretical 
justification to expect, e.g., that a single value of the Peterson e parameter 
should be appropriate for different types of experiment or at different energy 
scales in the same type of experiment. In other words, the feasibility of global 
data analyses is questionable in this scheme. Moreover, this scheme breaks 
down for p T > mb because of would-be collinear singularities of the form 
a s In (p j- / TTi 2 ) , which are not resummed. 

The attempt to split the B-meson FFs into a so-called perturbative FF 
(PFF) and a nonperturbative remainder is interesting in its own right. How- 
ever, detailed analysis for D* ± -meson FFs [34] revealed that such a procedure 
leads to deficient results in practical applications. On the one hand, at NLO, 
the cross section da/dx of e + e“ annihilation becomes negative in the upper 
x range, at x >0.9 [see Fig. 4(a)], where the data is very precise, so that a 
low-quality fit is obtained unless this x range is excluded by hand [34,35]. On 
the other hand, the LO and NLO predictions for other types of processes, 
such as photoproduction in ep scattering [see Fig. 4(b)], significantly differ 
[34], which implies that the perturbative stability is insufficient. 

The idea [11] of performing a coherent analysis of LEP 1 and Tevatron 
data of inclusive B-meson production was recently revived using an uncon- 
ventional scheme named FONLL, in which the traditional result in the mas- 
sive scheme [33] and a suitably subtracted result in a massless scheme with 
PFFs are linearly combined [36]. The degree of arbitrariness in this procedure 
may be assessed by noticing that the massless-scheme term is weighted with 
an ad-hoc coefficient function of the form p\j (p^ + 25 m 2 ) so as to effectu- 
ate its suppression in the low-p^ range and that this term is evaluated at 
Pt = VPt + m b while the massive-scheme term is evaluated at pt- Since the 
FONLL scheme interpolates between the massive scheme and the massless 
scheme with PFFs, it inherits the weaknesses of both schemes detailed above. 
In particular, the negativity of the NLO cross section of e + e~ -» B + X in 
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Fig. 4. (a) NLO fit [35] to OPAL data of e + e~ D* ± + X using PFFs. (b) 
Comparison of ZEUS data of ep — > D* ± + X in photoproduction with our LO and 
NLO predictions implemented with PFFs [34] 



the upper x range forces one to exclude the data points located there from 
the fit. In [36], this is achieved by resorting to what is called there the mo- 
ments method, i.e., the large-# region is manually faded out by selecting one 
particular low moment of the b B FF, namely the one corresponding to 
the average x value, thereby leaving the residual information encoded in the 
data unused. 

5 Conclusions 

We reviewed recent LO and NLO analyses of and p/p FFs [8], which 

also yielded new values for af\Mz) [12]. Although these FFs are genuinely 
nonperturbative objects, they possess two important properties that follow 
from perturbative considerations within the QCD-improved parton model 
and are amenable to experimental tests, namely scaling violations and uni- 
versality. The scaling violations were tested [8,13] by making comparisons 
with data of e + e _ annihilation at CM energies below [20] and above [24] 
those pertaining to the data that entered the fits. The universality prop- 
erty was checked [13] by performing a global study of high-energy data on 
hadroproduction in pp collisions [14,15] and on photoproduction in e±p [16] 
and e + e - [25] collisions. Our NLO FFs [8] agree with other up-to-date sets 
[37] within the present experimental errors [13]. 

High-energy data on hadroproduction particularly probes the FFs in the 
large-# region, is especially sensitive to the gluon FFs, and, therefore, carries 
valuable information complementary to that provided by e + e~ data. This 
information, apart from being interesting in its own right, is indispensible 
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in order to reliably predict the 7 r° background for the H 77 signal of 
the intermediate-mass Higgs boson at the Tevatron and the LHC. It would 
thus be highly desirable if the experiments at the Tevatron made an effort to 
update their analyses, which date back to 1988 [15]. 

Adopting a similar theoretical framework for B-meson production, we 
demonstrated [11] that the notorious excess of the Tevatron data [17,18] over 
existing theoretical calculations can be ascribed, at sufficiently large values 
of pr, to nonperturbative fragmentation effects inappropriately taken into 
account previously. In combination with the factorization formalism of non- 
relativistic QCD [38] , this framework also leads to a successful description [39] 
of inclusive J/'ip and ?// production from 5-meson decay [40]. A rigorous pro- 
cedure to implement the finite-ra^ terms in an NLO framework where terms 
of the form a ™ +1 ln n (/i 2 /m 2 ) are resummed by AP evolution and the univer- 
sality of the FFs is guaranteed by the factorization theorem [28] is to directly 
subtract the would-be collinear singularities of the form a s In (p|,/m 2 ) in the 
massive-scheme result in a way that conforms with the massless scheme [32] 
(see also [41]). 
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1 Introduction 

One of the main objectives in ep interactions is to study the structure of the 
proton. This is done by performing a deep inelastic scattering (DIS) process 
in which the virtual photon probes the partonic structure of the proton. All 
events are studied, like in a total cross section experiment. 

If, however, the final state consists of events in which the proton remains 
intact, or there is a large rapidity gap (LRG), we have diffractive events, me- 
diated by a color singlet exchange. These can be further classified as inclusive 
diffractive events, as depicted in Fig. 1, or as exclusive ones, shown in Fig. 2. 
In this talk, these two classes of processes will be studied. 




Fig. 1. Schematic diagram for inclusive 
diffractive DIS ep reaction. 




Fig. 2. Schematic diagram for exclusive 
diffractive electroproduction of vector 
mesons V. 



The color singlet exchange is presented in the Regge theory of strong inter- 
actions [1] as the soft Pomeron, introduced by Gribov [2], and the parameters 
of its trajectory have been determined by Donnachie and Landshoff [3]. In 
contrast to the universal nature of this exchange, in the language of Quan- 
tum Chromodynamics (QCD), the color singlet exchange is described as a 
two gluon exchange [4]. Since its properties depend on the scale involved in 
the interaction, the QCD Pomeron has a non-universal character. We will 
discuss the results with respect to the soft and the hard behavior of these 
two approaches, which manifests themselves in the energy behavior of the 
cross sections. 

* for the HI and ZEUS Collaborations 
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2 Kinematics of Diffractive Scattering 



The variables used in diffractive scattering can be defined using the four 
vectors presented in Fig. 3. The usual DIS variables are the negative of the 
mass squared of the virtual photon, Q 2 = — q 2 = — (k — fc') 2 , the square of the 
center of mass energy of the 7 system, W 2 = (q + p) 2 , the Bjorken scaling 
Q 2 

variable, x = ^ ^ which in the Quark Parton Model can be thought of as 
the fraction of the proton momentum carried by the interacting quark, and 
the inelasticity, y = . 




Fig. 3. Schematic diagram of diffrac- 
tive ep interaction. 



In addition to the above variables, the 
variables used to describe the diffrac- 
tive final state are 

g.(p-p') _. Q 2 + M% 

F q-p ~ Q 2 + W 2 

Q 2 Q 2 

^ 2 g • (p - p') ~ Q 2 + M 2 

t =(p-p') 2 . 



The fractional proton momentum which participates in the interaction with 
7* is xjp, and (3 is the equivalent of Bjorken x but relative to the exchanged 
object. Mx is the invariant mass of the hadronic final state recoiling against 
the leading proton, M\ — (q +p — p') 2 . The approximate relations hold for 
small t and large W. 



3 Diffraction as Soft or Hard Process 

In the Regge description, diffraction is a soft process. Its properties are de- 
termined by the universal Pomeron trajectory, ajp{t ) = ajp(O) + a'jpt , with 
ajp{ 0) = 1.081 and o!jp — 0.25 GeV -2 . Therefore the energy behavior of 
the total 7 cross section is expected to be a to t ~ (IT 2 ) aiP ^ 0 ^ _1 ~ W 0A6 . 
Both the elastic and the inclusive diffraction cross section are expected to 
have a faster rise with energy (fP 2 ) 2ajp (°) 2 /6, where b is the slope of the 
differential cross section in t [5]. 

In the perturbative QCD picture, the diffractive process is viewed, in 
the proton rest frame, as follows: the virtual photon fluctuates into a quark- 
antiquark pair, which interact diffractively with the proton by exchanging two 
gluons. Therefore, in this case, the diffractive cross section is proportional to 
the square of the gluon density. Since the gluon density, xg(x,Q 2 ) ~ x~ x ~ 
(WF 2 ) a , where A depends on the scale Q 2 , the diffractive cross section has an 
energy behavior ~ ( LL 4 ) A ( ( 3 2 ). At Q 2 = 10 GeV 2 , for example, A « 0.2, and 
thus the cross section would have a W 0 ' 8 dependence. 

The above discussion shows that we expect a transition from soft to hard 
processes when the virtuality of the probing photon increases. 
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4 Inclusive Diffraction 



One can express the inclusive cross section by a diffractive structure func- 
tion F which is a function of four variables, xjp,t, x,Q 2 . It was shown [6- 
8] that QCD factorization holds also in case of diffraction. Thus F 2 D can 
be decomposed into diffractive parton distributions, which would follow the 
same DGLAP evolution equation that apply in the DIS inclusive case. If, in 
addition, one postulates Regge factorization, in the spirit of Ingelman and 
Schlein [9], F 2 D may be decomposed into a universal P flux and the struc- 
ture function of the P . One usually integrates over the t variable, and this 
decomposition is written as 



dF? (z) {x,Q 2 ,x P ) 

dxjp 



= fjp{xp)F 2 (/?, Q 



where the xjp dependence of the flux is universal, independent of (3 and Q 2 



and is given by fp(xp) ~ x 
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Fig. 4. xjp dependence of xpF 2 ^ at 
fixed (3 and Q 2 values, as denoted in 
the figure. 
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Fig. 5. Q 2 dependence of ajp(O) de- 
rived from measurements of diffractive 
and total y*p cross sections. The curve 
(ALLM97) is a representation of the 
results obtained in inclusive DIS mea- 
surements. 



An example [10] of the xp dependence of xpF 2 ^ at fixed (3 and Q 2 
values, is shown in Fig. 4. The curves are the best fit to the data (restricted 
to xp < 0.01) using a universal flux, as described above, with ap = 1.16 
± .01(stat)l‘oi(syst). This value, together with a compilation from other 
measurements [11], is displayed in Fig. 5. For comparison, also shown is the 
Q 2 dependence of ap( 0) derived from the inclusive DIS measurements and 
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conveniently represented by the ALLM97 parameterization [12]. Clearly, the 
inclusive DIS data are not compatible with a universal IP trajectory. The 
diffractive measurements seem to point to some Q 2 dependence, though the 
uncertainties are too large for a firm conclusion. For Q 2 > 10 GeV 2 , the value 
of cejp(0) is significantly higher than that expected from the soft Pomeron. 

The (3 and Q 2 dependence of the Pomeron structure function, as measured 
by the HI collaboration [11], are shown in Fig. 6. It is the Pomeron struc- 
ture function under the assumption that the longitudinal diffractive structure 
function is zero, F® = 0, and that Regge factorization holds, and therefore 
one divides-out the Pomeron flux. One sees that, just like in the inclusive 
DIS case, as Q 2 increases, the Pomeron structure function is consistent with 
a rising behavior towards low [3. However, unlike the inclusive DIS case, pos- 
itive scaling violations are observed up to large (3 values, and only for (3 > 
0.8, the scaling violations turn negative. 
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Fig. 6. The Pomeron structure function dependence on (3 (left) and on Q 2 (right). 
The curves are a result of a NLO QCD fit, assuming F® = 0. 

A NLO QCD fit, assuming F® = 0, was performed to the data and a good 
description of the data is obtained. The resulting parton density distributions 
in the Pomeron are shown in Fig. 7. They do not differ much from a LO QCD 
fit, and have the feature of a sizable contribution of the gluon density at large 
z (which is same as /?). Using the parton densities from the NLO fit, one gets a 
good description of the f3 and xjp distribution of diffractive jet production [13] 
and diffractive D * production [14]. 

One can calculate the momentum fraction taken by the gluons. This turns 
out to be a large fraction, about 0.75 ± 0.15 at Q 2 = 10 GeV 2 , and almost 
Q 2 independent, as can be seen in Fig. 8. Frankfurt and Strikman [15] used 
this to calculate the probability that a gluon from the proton will produce 
a diffractive process. They find that at x = 10 -3 and Q 2 = 4 GeV 2 , this 
probability is as high as 0.4, which is very close to the unitarity limit of 0.5. 
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Fig. 7. The resulting parton density Fig. 8. The gluon momentum fraction 

distributions in the Pomeron, using a from a NLO QCD fit, as function of Q 2 . 

NLO QCD fit (shaded line) compared 
to a LO fit (solid line). 



The ratio of the diffractive cross section to the total 7 cross section is 
shown in Fig. 9, as function of Q 2 , for fixed (3 values. This ratio, is remarkably 
fiat over a wide kinematic range. The ratio is flat also as function of W for 
fixed Mx values [16], contrary to expectations from Regge phenomenology. 
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13 values. 
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5 Exclusive Vector Mesons 



It has been suggested [17] that a good way to see more clearly the different 
behavior of soft and hard processes is to study diffractive production of low 
masses, in particular vector mesons. Exclusive vector meson (VM) production 
show a clear interplay between soft and hard diffractive processes. One of the 
nice examples to this effect can be seen in case of the elastic photoproduction 
of VMs, whose cross section measurements as function of W are presented 
in Fig. 10. There is a clear change in the W dependence when going from 
the light VMs, like p°,uj and 0, to the heavier ones like J/^,^(2S) and 
T. In the latter case, a hard scale is provided by the mass of the heavy 
quarks. The shallower W dependence of the light VMs is consistent with 
that expected from a soft process, mediated by the IP trajectory, while the 
steep W dependence in case of the heavy VMs is consistent with expectations 
from a two-gluon exchange hard diffractive process calculated in pQCD. 




Fig. 10. Compilation of elastic photoproduction of vector mesons, as function of 
W. The total jp cross section is plotted for comparison. 



Another soft-hard transition can be obtained by using Q 2 as a scale in 
case of exclusive electroproduction of p° [18,19]. This is demonstrated in Fig. 
11, where the S parameter, of the W s behavior of the cross section, is plotted 
as function of Q 2 . While at low Q 2 , S is consistent with expectations of a 
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soft process, at higher Q 2 the values of S reach those expected from a hard 
process. 
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Fig. n. The parameter 5 from a fit of 
the form W 6 to the cross section data 
of p° electroproduction, as function of 

Q 2 . 



Fig. 12. The parameter 6 from a fit of 
the form W 5 to the cross section data 
of J/ip electroproduction, as function 
of Q 2 . 



However, in case of exclusive electroproduction of J/'if) [20,21], the hard 
scale is provided by the heavy quark mass and thus the value of 5 is already 
large even at Q 2 — 0, as shown in Fig. 12. 



ZEUS 




Another way of seeing this different 
behavior of the light and heavy vec- 
tor mesons, is through the study of 
the Q 2 dependence of the slope b of 
the differential cross section dcr/dt of 
p° and J/'ip. Fig. 13 displays the mea- 
sured value of b as function of Q 2 , for 
both vector mesons. One sees the clear 
soft-hard transition in case of the p°, 
while the J/'i/j production is a hard pro- 
cess even in case of photoproduction. 
At Q 2 > 20 GeV 2 , both mesons have 
the same small size, and the b value is 
as expected from the proton size [22]. 
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Contrary to the photoproduction case, in the electroproduction of vector 
mesons both transversely and linearly polarized photons participate. In the 
picture discussed above, where the photon fluctuates into a quark-antiquark 
dipole, it can do so in two configurations: a large spatial one, resulting in a 
soft process, and a small spatial one, resulting in a hard process [23]. While 
the longitudinal photon is believed to fluctuate into a small configuration, the 
transverse photon can fluctuate into both. It is of interest to study how the 
different configurations of the virtual photon influence the soft-hard transition 
discussed above. To this end, one can use s-channel helicity conservation to 
measure the ratio R = of the cross sections produced by longitudinal 

to transverse photons. 




Q 2 [GeV 2 ] 



Fig. 14. The ratio R as function of Q 2 
for p° electroproduction. The curve is 
the expectation of the MRT model [26] . 
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Fig. 15. The W dependence of R for 
p° electroproduction, for fixed Q 2 bins. 



Fig. 14 shows the ratio R for electroproduction of p°, as function of 
Q 2 [18,25]. The cross section coming from the longitudinal photon dominates 
as Q 2 gets larger, and this increase is well described by the MRT model [26]. 
What is surprising is the fact that R seems to be independent of W, in the 
Q 2 range where the measurements were performed, as shown in Fig. 15 [18]. 
This means that the W dependence of a? is the same as from which one 
concludes that the large size configuration of the transverse photons is sup- 
pressed for p° electroproduction. The statistics of the J/'ijj electroproduction 
data do not allow at present to check whether this striking feature holds also 
for the heavy VM case. 

Another striking results in case of the electroproduction of p° is shown in 
Fig. 16, where the ratio of the electroproduction to the total 7 cross sections 
is displayed. This ratio is W independent over the whole measured kinematic 
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region [27]. This is contrary to expectations of both the Regge approach as 
well as the pQCD one. In case of the J/^, the ratio increases with VP, and 
the increase is consistent with expectations from both approaches. 



ZEUS preliminary 




Fig. 16. The ratio of the p° electro- 
production cross section to the total 
7 *p one, as function of VP, at different 
scales. 
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Fig. 17. The ratio of the J/ip electro- 
production cross section to the total 
7 *p one, as function of VP, at different 
scales. The lines are a best fit of the 
form W 6 to the data. 



6 Deeply Virtual Compton Scattering (DVCS) 

Deeply virtual Compton scattering (DVCS) is a similar process to electro- 
production of VMs, where the final state vector is replaced by a real photon. 
The DVCS initial and final states are identical to those of the QED Compton 
process. The diagrams of both processes are shown in Fig. 18. 




Fig. 18. Diagrams showing the QCD DVCS process and the QED Compton process. 
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The big interest in DVCS conies from the fact that the QED and QCD 
amplitudes interfere and produces an asymmetry which can be measured, 
once high statistics data are at hand. This would give information on the real 
part of the QCD amplitude. In addition, the DVCS process is a potential one 
for obtaining generalized parton distributions [28]. 



ZEUS 
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Fig. 19. The DVCS cross section as Fig. 20. The DVCS cross section as a 

function of Q 2 . The band is a theoreti- function of W for fixed Q 2 values. The 

cal prediction [31]. line is a fit of the form W 6 to the data. 



The Q 2 dependence of the DVCS cross section is shown in Fig. 19 [29,30]. 
Its fall-off with Q 2 is well described by the Frankfurt, Freund and Strikman 
model [31]. The W dependence of the DVCS cross section is shown in Fig. 
20 [29], for fixed Q 2 values. Fitting the data to a form of W 6 shows that the 
cross section rises steeply as Q 2 increases. It reaches the same value of 5 as in 
the hard process of J/^ electroproduction. Given the fact that the final state 
photon is real, and thus transversely polarized, the DVCS process is produced 
by transversely polarized virtual photons, assuming s-channel helicity. The 
steep energy dependence thus indicates that the large configurations of the 
virtual transverse photon are suppressed. This is the same conclusion as we 
obtained above in the case of the electroproduction of p°. 
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Summary. We report the most recent measurements of the D0 Experiment at 
Fermilab on the diffractive pp production of W and Z bosons, and the Hard Single 
Diffractive results. A review of the status of the new Forward Proton Detector 
accompanies discussion of the future plans of diffractive physics at D0 in Run II. 1 



1 Diffractive Processes 

A feature of diffraction is that, though hard processes may be involved, one or 
both incoming particles either remain intact, or dissociate into products emit- 
ted at very small angle; the exchanged virtual particle (the Pomeron) carries 
no color, i.e. has the quantum numbers of the vacuum. Diffractive processes 
at the TeVatron account for 40% of the total pp cross section, of which about 
15% are hard diffraction processes (events that combine diffraction and a hard 
scatter, like jet or W boson production). Topologically, diffractive events are 
characterized by the presence of “rapidity gaps”, i.e. large pseudorapidity 
(rj = — In tan 6/2 ) regions deprived of hadronic particle activity. We will use 
rapidity gaps as a signature for diffraction. 

Diffractive processes are of two basic types: soft diffraction (a non per- 
turbative QCD process), and hard diffraction (a perturbative QCD process). 
Hard diffraction subdivides into three categories: 

• Hard Single Diffraction (HSD): The incident proton emerges (or “sur- 
vives”) at very small angle while emitting a hard diffractive object (the 
Pomeron); the other incident particle undergoes hard scattering with the 
Pomeron, fragments, and produces several high - Pp hard jets. The topo- 
logical evidence is a forward rapidity gap and the two jets in the central or 
forward region of the detector. A special case of Hard Single Diffraction 
is the diffractive production of W and Z bosons. The energy of the hard 
jets is not very high, this allows to study the partonic structure of the 
diffractive object exchanged, in particular the two-jets channel provides 
information about the gluon component, whereas the W and Z channel 
is sensitive to the quark component of the Pomeron. 

* For the D0 Collaboration 

1 This material is based in part upon work supported by the Texas Advanced 
Research Program under Grant n. 003656-0024-2001 
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• Hard Double Diffraction (also denoted Color Singlet Exchange, CSE: 
Both protons undergo hard scattering and fragmentation, and exchange 
a Pomeron, from which two hard jets are produced. The topological sig- 
nature of these processes is one central rapidity gap, and emission of jets 
back to back. These events happen at very high energies, in the range 
where the structure of the Pomeron cannot be probed. This channel al- 
lows one to investigate the nature of the coupling of the Pomeron with 
the partons in the proton. 

• Hard Double Pomeron (HDP): Both protons continue their trajectory 
at very small angle, and each emitting a Pomeron; the two Pomerons 
interact to produce a system of two hard jets. The topological signature 
is two rapidity gaps, forward and backward, in the direction of each beam 
proton, and jet production in the central region of the detector. This 
process can produce diffractive Higgs. 

These processes can be described by various models, including the Regge 
theory [1] of Pomeron exchange, the QCD description of the Pomeron with 
the Ingelman-Schlein [2] model, and, more recently, the Soft Color Exchange 
Model [3] that would not require the existence of a hard diffractive object. 
In order to explain older [4] and recent [5] data, as well as the D0 results 
presented here and in [10], more refinement of the models, and more data, 
will be needed. 

2 The D0 Detector 

In the D0 detector [6] , jets are measured in the liquid argon uranium calorime- 
ter (Fig.l). The electromagnetic section of the calorimeter extends to pseudo- 
rapidity values of \rj\ < 4.1, the hadronic component covering up to \rj\ < 5.2. 
Jets are reconstructed with a jet cone algorithm, of radius R = a Jrj 2 -\- <p 2 = 
0.7 (0 azimuthal angle). The jets are corrected for jet energy scale, except 
that there is no subtraction of spectator parton energy, which is very unlikely 
in diffractive events. 

To detect rapidity gaps, the L0 luminosity monitor augments the EM 
and hadronic calorimeter and the central Drift Chamber information. Events 
with forward rapidity gap show very low activity in a portion of the central 
EM and hadronic calorimeter (3.0 < rj < 5.2) as well as in the L0 detector 
(2.3 < rj < 4.3). The thresholds have been set as follows: 200 MeV (150 MeV) 
in the central (forward) EM calorimeter, 500 MeV in the hadronic. 

In what follows n^o is the multiplicity of tiles with a signal in the L0 for- 
ward scintillator arrays, and n ca i is the multiplicity of towers above threshold 
in the calorimeters. D0 uses multiplicity distributions (n^o vs n ca i ) to sep- 
arate diffractive events from the background; the signal appears in the low 
multiplicity region. The extremely clean topology of diffractive events results 
from the absence of the fragmentation of the initial protons. 
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Fig. 1. The components of the DO Detector used for Diffractive Physics 



3 Hard Single Diffraction: Diffractive W and Z 

The full sample of W ev events from D0 Run I has been searched for 
diffractive events (i.e. events with forward rapidity gaps) [7]. For an integrated 
Run I luminosity of 80 a final sample of 12,622 W -» ev events has 

been extracted (of which 8,724 central and 3,898 forward produced), and 
811 Z — >• ee events. The cut on the electron Et and the cut on the event 
missing Et is 25 GeV; the electron must have \r]\ < 1.0 in the central sample, 
or 1.5 < \rj\ < 2.5 in the forward sample. Inside this initial sample of “W 
bosons”, events with a forward rapidity gap (3.0 < \rj\ < 5.2) are studied for 
their multiplicities in the forward calorimeters and in the LO detector. In a 
2D multiplicity plot, ulo vs n ca /, the diffractive W or Z events peak around 
zero, and the broad large mean multiplicity distribution is associated with 
the standard W or Z boson production. Fig. 2 shows the multiplicity plots for 
the W central, the W forward, and the Z samples. 

For these studies, it is essential to reject any residual contamination from 
multiple interactions, since these could spoil the multiplicity count in the gap. 
To extract diffractive W bosons from the background, a 2D simultaneous fit 
of the signal and background is performed. Given the very low statistics in the 
signal region, a range fit method eliminates any dependence from the choice of 
bin size. The final “gap fraction”, defined as the ratio of diffractive W bosons 
over all Ws, or Diffractive Z bosons over all Zs, is given in Table 1. The 
error includes the correction for multiple interactions; the systematic error 
is dominated by the background fitting. Column II provides the probability 
that the background would fluctuate to the data in the (0,0) bin. These D0 
results constitute the first observation of diffractive Z production. 

Most of diffractive W bosons come from W+zero jets processes; a search 
of W+jets diffractive production, that would happen via the a s suppressed 
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Fig. 2. 2D Multiplicity Dstributions for the W Central, W Forward and Z samples 



process gq -^Wq (this would test the hard gluon component of the Pomeron) 
reveals no significant number of events. 

Characteristics of diffractive W or Z events ( Et , missing Et and trans- 
verse mass), in spite of the small statistics, appear to be very similar to the 
standard W and Z produced in electroweak processes. 



Table 1. Gap Fractions for Diffractive W/Z data 



Sample Gap Fraction (%) Background Probability Signal Significance 



Diffractive/ All 



W Cent 1.081 q ig 


1X10 -14 


7.7 cr 


W Fwd 0.64t°;i® 


6X10" 8 


5.3 cr 


W All 0.891 


3X10" 14 


7.5 cr 


Z 1.441®;“ 


5X10 -6 


4.4 cr 



4 Comparison of W,Z Diffractive Data to Models 

The POMPYT [8] Monte Carlo used to simulate diffractive events in the D0 
detector is based on the Ingelmann-Schlein model of Pomeron Exchange [2] , 
that describes the Pomeron in terms of structure functions, including a hard 
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quark structure, a hard gluon structure, and a soft gluon structure. From this 
description, the fraction of diffractive W and Z bosons produced for the three 
structure functions can be predicted. To compare these predicted fractions to 
the measured gap fractions, a gap efficiency must be determined, that gives 
the efficiency for finding diffractive events by tagging rapidity gaps. In Table 
2 the gap fractions for diffractive W and Z are compared with the model 
predictions (quark structure and hard gluon structure of the Pomeron), after 
correction for the gap efficiency, which ranges from 20 to 30%. In Table 3 the 
gap fractions for the W+Jets diffractive data are compared with the same 
model. 



Table 2. Gap Fractions for Diffractive W/Z: Data Comparisons with Models 



Sample Quark 


Hard Gluon 


Data 


Gap Fractions(%) Gap Fractions(%) Gap Fractions(%) 


W Cent ® 


f) 1 e: 4-0.02 
u * i0 -0.02 


l-08±g;|! 


W Fwd 7.2+rj 


n Ot :+ 0 04 

u - zo -0.04 


o- 64 ±S:iS 


Z 3.8±°;£ 


0 16+ 002 
U ' lo -0.02 


i-44±o:ii 



Table 3. W + Jet Gap Fractions (%) 



Jet Et Quark Hard Gluon Data 
(GeV) 



8 


14 - 20 89 


10—3 


15 


4-9 53 


9^ 


25 


1-3 25 


8-3 



5 Hard Single Diffraction: Dijets 

For this channel, data from two y/s energies were available: an integrated 
luminosity of 67 pb~ 1(1800 GeV sample) and 25 pb~ 1 (630 GeV) were ana- 
lyzed. Special low luminosity runs kept the rate of multiple interactions small. 
Forward rapidity gaps (3.0 < \rj\gap < 5.2) tag diffractive events in this chan- 
nel, the same as for the W diffractive channel. For the events selected, the 
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two jets are produced either central or opposite from the rapidity gap region. 
The trigger required at least two jets with transverse energy Et > 12 or 15 
GeV; for forward jet triggers, the two leading jets are required to both have 
\rj\ > 1.6 ( \rj\ < 1. for central jet triggers). 

Multiplicity distributions in the forward calorimeter and in the LO de- 
tector have been studied. For the forward jets sample, these quantities are 
defined by the rj region on the side opposite to the two leading jets; for the 
central jets sample, they are defined by the forward 77 interval that has the 
lower multiplicity. Multiplicity plots of n ca i vs n^o have been produced for 
the forward and central dijet samples at 630 GeV and for the forward and 
central samples at 1800 GeV. The gap fraction is extracted from a 2D fit to 
the multiplicity plot, similar to the one performed in the W diffractive anal- 
ysis. Table 4 summarizes the results, where the measured gap fractions are 
compared to the expected yields from the Ingelman-Schlein pomeron model 
calculated in the POMPYT Monte Carlo; a hard gluon, soft gluon and hard 
quark structure of the Pomeron are shown. The systematic uncertainties are 
dominated by the difference in energy scale between data and Monte Carlo, 
and include uncertainties due to the fitting procedure. The quark structure 
shows a remarkable agreement with data (though it gave an excessive rate 
for the W diffractive channel). The hard gluon structure would require the 
introduction of a flux factor (decreasing with yfs energy) to describe the data; 
nevertheless, the values for the ratios of gap fractions (shown on bottom of 
Table 4) that give the forward jets/central jets ratio, where the flux factor 
cancels, still disagree. 



6 HSD and Models 

Concluding from the HSD measurements presented here, the DO data, as 
well as other measurements at HERA [11], would be well described by an 
augmented Ingelman-Schlein model of the structure of the Pomeron: a quark 
structure function (as required to describe the W and Z diffractive results), 
and a gluon structure function (as required by the dijet diffractive results) are 
both needed. The gluonic structure function would require a normalization 
factor convoluted with both soft and hard gluon components. Indeed, more 
data and more accurate Monte Carlo calculations are needed, to converge to 
any definitive interpretation [9]. 

7 Present and Future Prospects for Diffractive Physics 
at DO Run II 

The use of rapidity gaps as a method for tagging diffractive events can be 
replaced by a direct tagging of the diffracted beam particles (the proton or 
the antiproton or both). Similar to the detector implemented at CDF at 
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Table 4. Hard Single Diffraction Dijet Results: Data and Models 



Gap Fractions (%) 










Sample 


Quark 


Hard Gluon Soft Gluon Data 


1800 Fwd 


n 7Q+0.12 
u - ' y -0.12 


9 9+0.3 
Z-Z — 0.3 


i-4+: 2 2 


0 fi c i+ 0 - 04 
U<DO -0 .04 


1800 Cent 


n 4Q+ 0 06 
o.^y_ 0 06 


o ir+0.4 
Z ‘°-0.4 


0.05+;°l 


n 99+O.O5 
0- zz _ o.05 


630 Fwd 


o 9+0.5 
Z ‘ Z -0.5 


o n+0.9 
o,y -0.9 


1 Q+°- 4 
A * y -0.4 


1 i q+0.08 

A --m_ o.o8 


630 Cent 


1 6 +0 ' 2 


5 2 +0 - 7 
°- z -0.7 


n i4+ 0 04 

U.l+_ 0 04 


n Qn+ 0 06 

O.yu_o 06 


RATIOS of Gap Fractions (%) 










Sample 


Quark 


Hard Gluon Soft Gluon Data Ratio 


630/1800 Fwd 


9 7+0.6 
z * 1 -0.6 


1 7+ 0 - 4 
A - * -0.4 


i 4+ 0 - 3 
a *^-0.3 




630/1800 Cent 


q 9 + 0.5 
°‘ Z -0.5 


9 -I +0.4 
Z ’ — 0.4 


1-8+:® 


4 1+0-9 
^• a -0.9 


1800 Fwd/Cent 


1 6 +0 ‘ 3 
a -°-0.3 


0.88+H 


30+*; 


o 0+0.7 

O.U-0.7 


630 Fwd/Cent 


i 4+ 0 - 3 
A ’+-0.3 


0.75+16 


13.+; 


1 O+0.1 



the end of Run I, a Forward Proton Detector [12] has been built for D0 in 
Run II. A set of subdetectors called Roman pots has been installed in the 
two arms of D0 along the outgoing proton and antiproton direction. The 
FPD is composed of 18 Roman pots in four quadrupole spectrometers (in the 
direction of the outgoing antiproton), and 2 dipole spectrometers. From the 
hits information in the scintillating fiber detectors installed in the Roman 
pots, the fractional energy lost by the proton and its scattering angle can be 
measured, and a trigger on elastic, diffractive and double pomeron events is 
made possible. 

At present the FPD has been activated and the pots have been inserted 
routinely during collisions. Through its commissioning, more than 2M elas- 
tic events have been recorded with a stand-alone Data Acquisition System. 
The work on integration of FPD with the rest of D0 is almost done, with 
completion expected by the end of this year. First diffractive plus jet data 
are expected by December 2002. The plan for Diffractive Physics at D0 Run 
II includes a first phase, where data with FPD trigger will be analyzed by 
using the usual rapidity gap method. Later, for a larger sample, the FPD 
diffractive trigger will be used exclusively. All the channels addressed in the 
Run I analysis will be investigated. 
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Summary. We review the results of measurements on hard diffractive processes 
performed by the CDF Collaboration and report preliminary CDF results on two 
soft diffractive processes with a leading antiproton and a rapidity gap in addition 
to that associated with the antiproton. All results have been obtained from data 
collected in Run I of the Fermilab Tevatron pp collider. 



1 Introduction 



Diffractive pp interactions are characterized by a leading (high longitudinal 
momentum) outgoing proton or antiproton and/or a large rapidity gap , de- 
fined as a region of pseudorapidity, rj = — In tan devoid of particles. The 
large rapidity gap is presumed to be due to the exchange of a Pomeron, which 
carries the internal quantum numbers of the vacuum. Rapidity gaps formed 
by multiplicity fluctuations in non-diffractive (ND) events are exponentially 
suppressed with increasing Arp so that gaps of Ar\ > 3 are mainly diffractive. 
At high energies, where the available rapidity space is large, diffractive events 
may have more than one large gap. 

Diffractive events that incorporate a hard scattering are referred to as 
hard diffraction. In this paper we review briefly the results on hard diffrac- 
tion published by CDF and present preliminary results on two types of soft 
diffraction events with two diffractive rapidity gaps in an event, as shown 
schematically in Fig. 1. 




(a) SDD 




(b) DPE 



Fig. 1 . Schematic drawings of pseudorapidity topologies and Pomeron exchange 
diagrams for (a) single plus double diffraction and (b) double Pomeron exchange. 



for the CDF Collaboration 
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2 Hard diffraction 

The CDF results on hard diffraction fall into two classes, characterized by the 
signature used to identify and extract the diffractive signal: a large rapidity 
gap or a leading antiproton. 



2.1 Rapidity gap results 

Using the rapidity gap signature to identify diffractive events, CDF measured 
the single-diffractive (SD) fractions of W [1], dijet [2], 6-quark [3] and J/'ip [4] 
production in pp collisions at y/s = 1800 GeV and the fraction of dijet events 
with a rapidity gap between jets (double-diffraction - DD) at yfs = 1800 [5] 
and 630 [6] Ge V. The results for the measured fractions are shown in Table 1. 



Table 1. Diffractive fractions 

Hard process y/s (GeV) R = (%) Kinematic region 



SD 



W{-+ ev)+G 


1800 


1.15 ±0.55 


E^,$ T > 20 GeV 


Jet± Jet±G 


1800 


0.75 ±0.1 


E 3 T et > 20 GeV, ri jet > 1.8 


&(-*•( 


z + X)+G 


1800 


0.62 ±0.25 


|r? e | < 1.1, Vt > 9.5 GeV 


j/VK 


— y /x/x)tG 


1800 


1.45 ±0.25 


|r? M | < 0.6, Vt> 2 GeV 


DD 










Jet-G-Jet 


1800 


1.13 ±0.16 


E J T et > 20 GeV, rf et > 1.8 


Jet-G 


FJet 


630 


2.7 ±0.9 


E 3 T et > 8 GeV, rf et > 1.8 



Since the different SD processes studied have different sensitivities to the 
gluon/quark ratio of the interacting partons, the approximate equality of 
the SD fractions at yfs = 1800 GeV indicates that the gluon fraction of the 
diffractive structure fraction of the proton (gluon fraction of the Pomeron) is 
not very different from the proton’s inclusive gluon fraction. By comparing 
the fractions of W, JJ and b production with Monte Carlo predictions, the 
gluon fraction of the Pomeron was found to be f g = 0.54^o.i4 [3]. This result 
was confirmed by a comparison of the diffractive structure functions obtained 
from studies of JM and JJ production, which yielded a gluon fraction of 
ff = 0.59 ±0.15 [4]. 



2.2 Leading antiproton results 

Using a Roman pot spectrometer to detect leading antiprotons and determine 
their momentum and polar angle (hence the t- value), CDF measured the 
ratio of SD to ND dijet production rates at ^=630 [7] and 1800 GeV [8] 
as a function of x-Bjorken of the struck parton in the p. In leading order 
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QCD, this ratio is equal to the ratio of the corresponding structure functions. 
For dijet production, the relevant structure function is the color-weighted 
combination of gluon and quark terms given by Fjj(x) = x[g(x) + ^ Qi{ x )]- 

The diffractive structure function, Fjj(f3), where (3 = x/£ is the momentum 
fraction of the Pomeron’s struck parton, is obtained by multiplying the ratio 
of rates by the known F^ D and changing variables from x to j3 using x — » /?£ 
(the tilde over the F indicates integration over t and £). 

The CDF Fjj(/3) is presented in Fig. 2a and compared with a calculation 
based on diffractive parton densities obtained by the HI Collaboration at 
HERA from a QCD fit to diffractive DIS data. The CDF result is suppressed 
by a factor of ~ 10 relative to the prediction from from HERA data, indicating 
a breakdown of factorization of approximately the same magnitude as that 
observed in the rapidity gap data. 

Factorization was also tested within CDF data by comparing the ratio of 
DPE/SD to that of SD/ND dijet production rates (Fig. 2b). The DPE events 
were extracted from the leading antiproton data by requiring a rapidity gap 
in the forward detectors on the proton side. At (£) = 0.02 and (x^j) = 0.005, 
the ratio of SD/ND to DPE/SD rates normalized per unit £ was found to 
be [9] 0.19 ± 0.07, violating factorization. 





-3 -2 

10 10 10 
X 



Fig. 2. (a) The diffractive structure function measured by CDF (data points and 
fit) compared with expectations based on the HI fit 2 (dashed) and fit 3 (dotted) 
on diffractive DIS data at HERA (a more recent HI fit on a more extensive data set 
yields a prediction similar in magnitude to that of fit 2 but with a shape which is 
in agreement with that of the CDF measurement), (b) The ratio of DPE/SD rates 
compared with that of SD/ND rates as a function of x-Bjorken of the struck parton 
in the escaping nucleon. The inequality of the two ratios indicates a breakdown of 
factorization. 
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3 Double-gap soft diffraction 

The motivation for studying events of the type shown in Fig. 1 is its potential 
for providing further understanding of the underlying mechanism responsible 
for the suppression of diffractive cross sections at high energies relative to 
Regge theory predictions. As shown in Fig. 3, such a suppression has been 
observed for both single diffraction (SD), p(p) +p \p(p) + gap] + X, and 
double diffraction (DD), p(p) + p X\ + gap + X 2 . 




Fig. 3. (a) The pp total SD cross section exhibits an s-dependence consistent with 
the renormalization procedure of Ref. [10], contrary to the s 2e behaviour expected 
from Regge theory (figure from Ref. [10]); (b) the pp total DD (central gap) cross 
section agrees with the prediction of the renormalized rapidity gap model [11], con- 
trary to the s 2e expectation from Regge theory (figure from Ref. [12]) 



Naively, the suppression relative to Regge based predictions is attributed 
to the spoiling of the diffractive rapidity gap by color exchanges in addition 
to Pomeron exchange. In an event with two rapidity gaps, additional color ex- 
changes would generally spoil both gaps. Hence, ratios of two-gap to one-gap 
rates should be unsuppressed. Measurements of such ratios could therefore 
be used to test the QCD aspects of gap formation without the complications 
arising from the rapidity gap survival probability. 

4 Data and results 

The data used for this study are inclusive SD event samples at yfs = 1800 
and 630 GeV collected by triggering on a leading antiproton detected in a 
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Roman Pot Spectrometer (RPS) [8,7]. Below, we list the number of events 
used in each analysis within the indicated regions of antiproton fractional 
momentum loss and 4-momentum transfer squared £, after applying the 
vertex cuts \z vtx \ < 60 cm and N vtx < 1 and a 4- momentum squared cut of 
\t\ < 0.02 GeV 2 (except for DPE at 1800 GeV for which \t\ < 1.0 GeV 2 ): 



Table 2. Events used in the double-gap analyses 



Process 


$ 


Events at 1800 GeV Events at 630 GeV 


SDD 


0.06 < f < 0.09 


412K 


162K 


DPE 


0.035 < f < 0.095 


746K 


136K 



In the SDD analysis, the mean value of £ = 0.07 corresponds to a diffrac- 
tive mass of ~ 480 (170) GeV at yT? = 1800 (630) GeV. The diffractive cluster 
X in such events covers almost the entire CDF calorimetry, which extends 
through the region \rj\ <4.2. Therefore, we use the same method of analysis 
as that used to extract the gap fraction in the case of DD [12]. We search 
for experimental gaps overlapping rj = 0, defined as regions of rj with no 
tracks or calorimeter towers above thresholds chosen to minimize calorimeter 
noise contributions. The results, corrected for triggering efficiency of BBC P 
(the beam counter array on the proton side) and converted to nominal gaps 
defined by Ar\ = In M 2 M 2 , are shown in Fig. 4. 



Vs=1800 GeV 




Fig. 4. (a) The number of events as a function of Arje Xp = r]max — rjmin for data at 
= 1800 GeV (points), for SDD Monte Carlo generated events (solid line), and 
for only SD Monte Carlo events (dashed line); (b) ratios of SDD to SD rates (points) 
and DD to total (no-gap) rates (open circles) as a function of y/s' of the sub-process 
IPp and of pp, respectively. The uncertainties are highly correlated among all data 
points. 
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The SDD Monte carlo simulation is based on Regge theory Pomeron ex- 
change with the normalization left free to be determined from the data. The 
differential dN/dArj 0 shape agrees with the theory (Fig. 4a), but the two-gap 
to one-gap ratio is suppressed (Fig. 4b). However, the suppression is not as 
large as that in the one-gap to no-gap ratio. The bands through the data 
points represent predictions of the renormalized multigap parton model ap- 
proach to diffraction [13], which is a generalization of the renormalization 
models used for single [10] and double [11] diffraction. 

In the DPE analysis, the £ p is measured from calorimeter and beam 
counter information using the formula below and summing over all parti- 
cles, defined experimentally as beam-beam counter (BBC) hits or calorimeter 
towers above //-dependent thresholds chosen to minimize noise contributions. 

&=*%= exp(+?f) 

Zp-S yT s 

For BBC hits we use the average value of rj of the BBC segment of the hit 
and an Et value randomly chosen from the expected Et distribution. The 
obtained by this method was calibrated by comparing obtained by 
using exp(— rf) in the above equation, with the value of ip PS measured by 
the Roman Pot Spectrometer. 

Figure 5a shows the distribution for y/s =1800 GeV. The bump at 
£p ~ 10 -3 is attributed to central calorimeter noise and is reproduced in 
Monte Carlo simulations. The variation of tower Et threshold across the 
various components of the CDF calorimetry does not affect appreciably the 
slope of the distribution. The solid line represents the distribution mea- 
sured in SD [14]. The shapes of the DPE and SD distributions are in good 
agreement all the way down to the lowest values kinematically allowed. 



Table 3. Double-gap to single-gap event ratios 



Source 


-Rs£> B ( 1800 GeV) i?g£ E (630 GeV) 


Data 


0.197 ± 0.010 


0.168 


±0.018 


Pgap renormalization 


0.21 ±0.02 


0.17 


±0.02 


Regge 0 factorization 


0.36 ±0.04 


0.25 


±0.03 


iP-flux renormalization 


0.041 ± 0.004 


0.041 


± 0.004 



The ratio of DPE to inclusive SD events was evaluated for £ p < 0.02. 
The results for y/s =1800 and 630 GeV are presented in Table 3 and shown 
in Fig. 5b. Also presented in the table are the expectations from gap proba- 
bility renormalization [13], Regge theory and factorization, and Pomeron flux 
renormalization for both exchanged Pomerons [10]. The quoted uncertainties 
are largely systematic for both data and theory; the theoretical uncertainties 
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of 10% are due to the uncertainty in the ratio of the triple-Pomeron to the 
Pomeron- nucleon couplings [15]. 

The data are in excellent agreement with the predictions of the gap renor- 
malization approach. 





Fig. 5. (a) £p distribution at y/s =1800 GeV for events with a p of 0.035 < £p PS < 

0.095. The solid line is the distribution obtained in single diffraction dissociation. 
The bump at £* ~ 10“ 3 is due to central calorimeter noise and is reproduced in 
Monte Carlo simulations. (b)Measured ratios of DPE to SD rates (points) compared 
with predictions based on Regge theory (dashed), Pomeron flux renormalization for 
both exchanged Pomerons (dotted) and gap probability renormalization (solid line). 
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Selected Topics in Rapidity Gap Physics 



Jeffrey R. Forshaw 
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Summary. This talk will review selected topics in rapidity gap physics. In par- 
ticular I will discuss diffractive jet production and the possibility of searching for 
the higgs boson using diffraction at the LHC; the dipole picture of diffraction and 
saturation; and those processes where a large momentum is transferred across the 
rapidity gap, for which there has been recent progress both experimentally and 
theoretically. 



1 Introduction 

Over the past 10 years, due in no small part to the quality and extent of 
data collected at the HERA and Tevatron colliders, the field of rapidity gap 
physics has flourished. As a result, in a review talk like this I cannot hope to 
cover anything other than a few topics, chosen to reflect my personal bias. 

The next section will focus on the hard diffractive production of jets and 
higgs bosons, and will draw on data collected at both HERA and the Teva- 
tron. In Section 3, I discuss the dipole model of diffraction and the evidence 
for saturation. In Section 4, I turn to rapidity gaps with a large momentum 
transfer across the gap. These are rarer but rather clean processes, and recent 
high quality data on vector meson production has allowed comparison with 
theory, which I discuss. 



2 Hard diffraction 

I will follow the conventional language and classify hard diffractive processes 
as shown in Figure 1. Q is some hard scale (e.g. jet transverse momentum, 
W mass etc.) characteristic of the system X. In “double pomeron exchange”, 
which has been measured at the Tevatron [1], the protons remain intact, 
losing only a small fraction of their initial energy, so that the system X is 
produced centrally. In single diffraction, only one proton remains intact and 
fast, and the system X is distant from it in rapidity. 

At HERA, single diffraction of a virtual photon (virtuality Q 2 ) has allowed 
experimenters to probe the partonic structure of the diffractive exchange [2,3]. 
Appealing to regge theory, one can attempt to write the cross-section as a 
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y/p 




"single diffraction" 



Fig. 1 . Hard diffraction 




product of a pomeron flux factor fjp/ p and a pomeron parton density function, 
as shown in Figure 2. The experimenters parameterise the flux factor as 

e Bt 

fip/p{xp,t) = 2a(t)-l W 

Xjp 

where xjp is the fraction of the incoming proton’s energy carried by the 
pomeron, t is the momentum transfer to the scattered proton, B is the diffrac- 
tive slope and a(t) is the pomeron trajectory. The experimenters are able to 
fit all their data on the diffractive structure function using a parameterisa- 
tion of this form after evolving the parton density functions using the NLO 
evolution equations. HI finds a pomeron intercept ajp = 1.17 ± 0.02 and no 
need for secondary regge exchanges for xjp < 0.01 [5]. HI has now extracted 
the pomeron quark and gluon density functions with an estimate of the error, 
see Fig. 3. Note that it is the gluon at large 2 = x/xjp which is least well 
constrained. 

If the notion of a universal pomeron parton density function is to be 
tested, one needs to take the partons as measured in diffractive DIS, and use 
them to predict the rates for other processes. At HERA this programme has 
been carried out quite extensively and on the whole there is good agreement 
[4]. However, there are indications that the DIS partons do tend to lead 
to an overestimate of the data collected off real photons. Good agreement 
can be arranged if one is prepared to accept an overall renormalisation by a 
factor of about 0.6 [6]. Strictly speaking, the need for such a renormalisation 
violates universality. This should not come as a surprise; we already knew 
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HI preliminary 




HI 2002 o r o NLO QCD Fit 
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Q 2 2 
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15 



90 



HI 2002 o r D LO QCD Fit 



Fig. 3. Pomeron parton density functions extracted by HI [5] 



that universality should not hold across the board in diffraction [7]. What 
would be of interest is if the violation can be understood. Simple (eikonal) 
models predict that rapidity gaps will be filled in by secondary interactions in 
those processes where the incoming beam particles have structure, which is 
the case in hadron-hadron interactions and photon-hadron interactions with 
an on-shell photon. These simple models also predict that the filling in of 
gaps can be approximated by an overall multiplicative factor which is weakly 
process dependent; depending primarily on the overall centre-of-mass energy 
[8]. In this way we can understand a gap survival factor of ~ 0.6 at HERA. 
The eikonal models also predict a survival factor of around 0.1 at the Tevatron 
(the high centre-of-mass energy being the main reason for the reduction since 
it liberates more low-x partons). 

The burning question is therefore: “How does a gap survival factor of 
0.1, in conjunction with the latest HI parton density functions, stand up to 
the Tevatron data?”. At first sight, the answer is “very badly”. In Table 1, 
we show the original calculations of [9], which are parton level and do not 
contain any gap survival factor. Comparison is to CDF and DO data available 
at the time (some of which were preliminary). The references shown in the 
table are to the final published papers. The pomeron parton densities do not 
now agree with the most recent HERA data, but they are not so far out to 
account for the obvious problems. Even with a gap survival of ~ 0.1, things 
look bleak. 

However, the problem may not be so bad. With the new HI partons 
the rate for diffractive dijet production at the Tevatron agrees well with the 
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Table 1 . Problems at the Tevatron? 




Experiment 


Theory 


Theory /Exp. 


CDF W [10] 


1.15 ±0.51 ±0.20% 


7% 


6 ± 3 


CDF RG dijet [11] 


0.75 ± 0.05 ± 0.09% 


16% 


22 ±3 


CDF pot dijet [12] 


0.109 ±0.003 ±0.016% 


4% 


34 ± 5 


DO RG dijet [13] 


0.67 ± 0.05% 


12% 


18 ±1 


CDF heavy quark [14] 


0.18 ±0.03% 


30% 


167 ±28 


CDF double pomeron exch. [1] 


13.6 ± 2.8 ± 2 nb 


3713 nb 


273 ± 69 




Fig. 4. Comparison of diffractive dijet rate to CDF data. (Figure from [5]) 



HERA prediction with a gap survival factor of 0.1. The Tevatron data on 
diffractive dijet production now go beyond the total rate, as can be seen in 
Fig. 4 (Fjj is a ratio of diffractive to non-diffractive cross-sections and (3 is the 
momentum fraction of the parton coming from the pomeron which is involved 
in the hard subprocess). The solid red curve shows the prediction based on 
the latest HI partons - it agrees in shape with the CDF data, especially once 
one realises that the large (3 region is the large 2 region in Fig. 3 and that 
the dijet process is gluon dominated. So much for dijet production in single 
diffraction. What about the double pomeron exchange process, which is out 
by two orders of magnitude according to Table 1? 

Remarkably even here things seem not to be too bad. Analysis shows 
that there are large hadronisation corrections to the parton level results of 
Table 1 which account for a suppression of the theory by a factor of 4 [15]. 
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This suppression comes about because CDF used a small cone R = 0.7 to 
define their central jets, simultaneously with a low Et cut of 7 GeV. At such 
low scales the jets are broad and one loses about 2 GeV per jet. In [15], a 
HERWIG monte carlo simulation of the parton showering and hadronisation 
[16] was included thereby allowing us to estimate the size of the corrections. 
In addition, the overall rate is sensitive to the pomeron intercept. A higher 
intercept leads to a lower cross-section at the Tevatron if the normalisation 
is fixed at HERA since HERA probes lower values of xjp. The authors of [9] 
used a soft pomeron intercept which we now know to be inappropriate; this 
gains another factor of 2. The remaining difference is down to the parton 
densities in the pomeron. Table 2 summarises the results of [15] where the 
bottom line shows a difference of a factor 10 between theory and experiment 
which is in accord with gap survival estimates. Note that there is good reason 
to expect significant “contamination” from secondary exchanges ( M ) in the 
region of the Tevatron data. 



Table 2. Rates for double pomeron exchange: comparison of theory and experi- 
ment. Theory calculations performed using HI fit 3 (LO) partons and the default 
secondary exchange of [16] 



Regge exchange 


Parton Level (nb) 


Hadron Level (nb) 


IP 


1175 


339 


R 


241 


58 


R + R 


1416 


397 


CDF data 




43.6 ±4.4 ±21.6 



2.1 Central higgs production 

It has been suggested that the double pomeron exchange process could be 
utilized at the LHC to produce new particles, in particular the higgs boson 
[17,18]. If the higgs is produced exclusively, as shown in Fig. 5, then one could 
reconstruct its mass quite accurately (to within 1 GeV [19]) by tagging the 
outgoing protons. Moreover, the exclusive nature of the central system leads 
to a significant suppression of QCD backgrounds, so that one could utilise the 
bb decay of the higgs with a much better S/B compared to the non-diffractive 
production mechanism. Khoze, Martin and Ryskin (KMS) calculate the rate 
for the diagram in Fig. 5 and find 3 fb for a 115 GeV higgs decaying to bb at 
the LHC, which should be sufficiently large to permit a good measurement. 
It is possible to test the reliability of this estimate by performing the cor- 
responding calculation for exclusive central dijet production (i.e. replace the 
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Fig. 5. Exclusive higgs production. (Figure from [18]) 



higgs by a dijet pair). KMS predicted a rate of around 1 nb at the Tevatron, 
which is to be compared to the CDF upper limit of 4 nb [1], i.e. the process 
has not been seen in Run I data. However, with the increase in data from 
Run II, and the fact that DO now has roman pot detectors in both forward 
and backward directions, it should be possible to check the KMS calculation. 



3 Dipole models 

Complementary to the regge picture of diffraction in photon induced reactions 
is the dipole picture, to which we now turn our attention. In the proton rest 
frame, the incoming photon converts into a qq pair a long distance upstream 
of the proton. In the diffractive limit, the quarks are highly energetic and 
travel along straight lines through the proton, picking up a non- Abelian phase 
factor, before eventually forming the diffracted system X way downstream 
of the proton, see Fig. 6. Consequently, one can write down expressions for a 
variety of diffractive process, e.g. for the total 'yp cross-section at high-energy 
we only need the imaginary part of the forward elastic scattering amplitude, 




Fig. 6. Diffraction of a colour dipole 
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°\ r> L = J ^d 2 r|^ T ’ L (2,r)| 2 a(s,r,2 ) (2) 

where a is the cross-section for scattering a colour dipole of transverse size r 
and energy fraction z off a proton. It is universal in that the same dipole cross- 
section should appear in other processes, such as diffractive vector meson 
production, where one simply replaces the outgoing photon wavefunction with 
the meson wavefunction [20]. There is clearly a lot of physics in the dipole 
cross-section, including the QCD evolution of the original dipole. Apart from 
the total 7 p cross-section (and hence the structure functions, F 2 , Fl and 
F£) and vector meson production, the dipole formalism has been used to 
compare to data on inclusive diffractive DIS (F 2 D( ^), deeply virtual Compton 
scattering and shadowing off nuclei. 

In the dipole model of Golec-Biernat & Wiisthoff [21], the dipole cross- 
section was parameterized as 



a 




( 3 ) 



where 



and 



R 0 (x) = 



GeV \xo 



Q 2 + 4 ra 2 



Ro(x) is called the saturation radius, since for larger r the cross-section flat- 
tens off. Since the saturation radius moves to smaller r as x decreases this 
model naturally tames the powerlike behaviour of the total cross-section as 
one moves to smaller x. For small enough r, the cross-section goes like r 2 
which generates Bjorken scaling. The striking agreement of the model with 
data F 2 and on F®^ originally led to the idea that HERA was already prob- 
ing the non-linear dynamics of saturation. Subsequent, more detailed studies 
using the latest data, have revealed that it is not possible to fit the data with 
a pure power, i.e. A, which gets tamed by saturation effects. It is necessary 
to replace the exponent with the gluon density [22], i.e. 



a 






1 — exp 



7 v 2 r 2 a s xg(x) 
3 G 0 



( 4 ) 



The gluon density itself becomes less steep as Q 2 falls and so the exponenta- 
tion is less important. This means that the regime of large corrections arising 
from the non-linear dynamics is pushed beyond the HERA region, i.e. to 
smaller x. The need to go beyond the original model of Golec-Biernat & 
Wiisthoff is illustrated in Fig. 7 where the effective slope (~ x~ x ) is shown as 
a function of Q 2 . In the original model, this slope asymptotes to just below 
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Effective slopes 




Fig. 7. The effective slope of the low x structure function. Solid curve is the new 
dipole model, whilst the dashed curve is that from the original Golec-Biernat &; 
Wiisthoff model. (Figure from [22]) 



0.3 and deviations at lower Q 2 are wholly attributed to saturation dynamics. 
In the new model, there is no flattening at high Q 2 . 

A quite different approach can be found in [23]. Here the dipole cross- 
section is written as a sum of two terms each of which can be thought of as 
arising from a pure regge pole (of intercepts 1.06 and 1.4 respectively). This 
“two pomeron” model has no saturation dynamics at all. The reduction of 
the effective slope at low Q 2 arises because of the dominance of the pomeron 
with lower intercept in that region (the reverse occuring at high Q 2 ). This 
model is also able to describe the available data, including the diffractive 
structure function [24] and deeply virtual Compton scattering [25]. 

Before leaving dipoles, I should say a few things about the latest theo- 
retical progress in the physics of saturation. The use of non-linear perturba- 
tive QCD dynamics to control the growth of \ow-x cross-sections has a long 
history, dating back to the “GLR equation” of the early 1980’s [26]. More 
recently, the Balitsky-Kovchegov equation has been developed to describe 
the non-linear evolution of the S-matrix for scattering a colour dipole off a 
hadronic target [27]. Underpinning all of this is the colour-glass-dynamics of 
[28]. Formulated as an effective field theory (analogous to that of glasses in 
condensed matter physics), the colour glass dynamics describes the quantum 
evolution of soft gluons in a classical background colour field. It reduces to 
the BFKL equation in the approximation of a dilute background, and to the 
Balitsky-Kovchegov equation in the large N c limit. 




Rapidity Gap Physics 207 



4 Rapidity gaps at high-t 

So far, all the processes we have looked at are close to t = 0, i.e. the outgoing 
proton (s) do not receive a large transverse momentum. Let us now focus on 
the case the —t A 2 . In this case, the incoming proton will typically be 
shattered. It is thought that the largeness of the momentum transfer will 
allow us to utilise QCD perturbation theory and hence to test the relevance 
of BFKL dynamics in these processes. 



4.1 Vector mesons 




Fig. 8. High pt vector meson production. (Figure from [30]) 



In Fig. 8 we show the diffractive production of a high pt vector meson, V. 
The large momentum transfer across the gap, — t « almost always breaks 
up the proton and leads to a jet in the resultant debris. The non-perturbative 
dynamics is factorised into either the proton parton density functions or into 
the meson lightcone wavefunction, and QCD can be used to compute the 
dynamics of the exchange. The fact that xW 2 —t ensures that there is 
still a large rapidity gap between the proton dissociation products and the 
vector meson. 

In leading order, BFKL predicts that the hard subprocess cross-section 
for scattering off quarks (gluons differ only by a colour factor) should go like 

[31] 



da(^q ~^Vq) Q!g e 8zln 2 ( In 2 r 

It ^-^jr exp \ ii2*c(3) 



(5) 



where 



-t 

Q 2 + rriy 



and z = 



3a Sl xW 2 



27 r 



In 



so 



Comparison of the leading order BFKL calculation with the ZEUS data is 
shown in Fig. 9 [33] . The calculation is a fit to the data with s 0 = finriy — jt 
and a s being the free parameters. The fit shown corresponds to (3 — 0, 7 = 1 
and a s = 0.20. Good agreement is also found (with the same parameters) 
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Fig. 9. Comparison of data [32] with theory for high pr p production. The solid 
line is LO BFKL and the dotted line two- gluon exchange. (Figure from [33]) 



with the data on the </> and J/ij; mesons [33]. Note that it is not possible to 
get good agreement in the approximation that only two-gluons are exchanged 
between the diquark system and the struck parton. 

The above curves were computed assuming a very simple form for the me- 
son wavefunction. In particular, it is assumed that the quarks share equally 
the momentum of the meson. Relativistic corrections to this simple approxi- 
mation have been considered [29] and do not appear to spoil the good agree- 
ment [30] . Inclusion of relativistic corrections also allows one to quantify the 
degree to which the helicity of the meson differs from that of the photon, and 
comparison with data is once again encouraging [30]. 

In the future, data will become available on high-t photon production. 
This is something to look forward to, since it avoids the uncertainty associated 
with the production of the vector meson. 

4.2 Gaps between jets 

As well as vector meson production, one can look for rapidity gaps between 
jets in photon-hadron and hadron-hadron collisions [34]. The typical final 
state topology is shown in Fig. 10, where two jets are produced far apart in 
rapidity and there is a gap between the jets. Early measurements at HERA 








Fig. 10. Dijet production with a rapidity gap 
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Fig. 11. Recent HI results on gaps between jets shown as a function of rapidity 
gap and transverse energy between the jets. (Figure from [40]) 



[35] and the Tevatron [36,37] have been compared to theory and leading order 
BFKL does fine [38,39]. However, conclusive statements are hard to make 
either because the gap is not large enough (i.e. the excess over non-BFKL 
QCD is small) or hadronisation corrections are large [38]. 

There has been significant recent progress, both experimentally and the- 
oretically in this area which has to some extent shifted interest away from 
BFKL dynamics and into the domain of jet energy flows. HI has focussed on 
the definition of the gap. They use the kr cluster algorithm to put all hadrons 
into jets, after which they select the two highest pt jets. The summed trans- 
verse energy between these two jets (£ , ff' p ) is then used to define a gap. As 
can be seen in Fig. 11, for low £’| ap , one can really speak of a rapidity gap 
and a very clear excess is seen in the data over the standard Monte Carlos, 
whilst at larger values of E!p p the enhancement is less pronounced [40]. By 
defining their gaps this way, HI has reduced its sensitivity to soft gluon ra- 
diation by effectively cleaning up the edge of the gap in a way which makes 
possible direct comparison with future theoretical calculations. 

On the theoretical side, Dasgupta & Salam have recently pointed out that 
there is a previously unconsidered mechanism which ought to be considered 
when considered interjet energy flows [41]. In particular, they have discovered 
a class of “non-global” logarithms which ought to be summed at the single 
logarithm level. 
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5 Summary 

The key conclusions of this talk can be summarised as follows: 

• Regge factorisation and QCD evolution work well to describe diffractive 
deep inelastic scattering at HERA 

• HERA partons may well be useful at the Tevatron provided one accounts 
for gap survival at a level of around 10%. Tevatron measurements at lower 
xjp would help. 

• There is a need to measure exclusive central dijet production at Tevatron 
Run II in order to constrain diffractive higgs cross-sections at the LHC. 

• Position on saturation is not clear. Ideally one would like to go to lower 

x. 

• High-t vector meson production is well described by leading order BFKL. 
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1 The Relativistic Heavy-Ion Collider 

The Relativistic Heavy-Ion Collider (RHIC) [1] is situated at Brookhaven 
National Laboratory (BNL) on Long Island, New York. It has operated since 
2000 and delivers protons to Gold (Au) nuclei at a center of mass energy of 
up to — 500 GeV for protons and ^nn = 200 GeV for heavy-ions. The 
two independent accelerator rings have circumferences of 3.8 km. 

During the last run period starting in fall 2001 the accelerator was filled 
with 55-56 bunches of Au ions per ring. Each bunch contained on the average 
7.5 x 10 8 Au nuclei at a center of mass energy of 200 GeV per nucleon pair. The 
peak luminosity was 5 x 10 26 cm -2 s _1 . In addition we had a very successful 
polarized proton run at a storage energy of 100 GeV, where RHIC delivered 
0.8 x 10 11 protons in 55 bunches per ring at a peak luminosity of 1.5 x 
10 30 cm _2 s _1 . The polarization was only around 25%, but we are looking 
forward to a major improvement in this years run. [2] 

At its 6 collision regions RHIC hosts 4 dedicated heavy-ion experiments: 
Two smaller ones called BRAHMS and PHOBOS, and the two large exper- 
iments PHENIX and STAR. In addition the pp2pp experiment will study 
elastic p-p scattering at high energies. 

2 The STAR Experiment 

STAR focuses on measuring hadronic observables over a wide rapidity range 
and into a large solid angle. An overall layout of STAR can be seen in 
Fig. 1. The main detector of STAR is the world’s largest time projection 
chamber (TPC) [3]. A silicon drift detector (SVT) surrounds the interaction 
vertex. The high (pseudo) rapidity range is covered by two Forward-TPCs 
(FTPCs). These detectors, which use a radial drift field perpendicular to the 
applied magnetic field, were developed and built at the Max-Planck-Institut 
fiir Physik in Munich [4] . Inside the magnet sits an electromagnetic calorime- 
ter (EMC), which will be fully operational in future runs. 

The central trigger barrel (CTB) covers the region around the TPC. It 
detects particle multiplicity. A pair of calorimeters (ZDCs) at zero degrees 
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Fig. 1 . The STAR detector 



with respect to the beam and about 18 m away from the nominal collision 
point measures neutral energy. In combination these two detector types, CTB 
and ZDC, allow event centrality (or impact parameter) selections. 



3 Measurements of Anisotropic Flow 

Flow produces the anisotropic shape of the transverse momentum distribution 
in non-central heavy-ion collisions. For its measurement a Fourier decompo- 
sition of the momentum distribution with respect to the reaction plane [5] 
is performed. The reaction plane is given by the beam axis and the closest 
distance of the centers of the two colliding nuclei. For each event we calculate 
the Fourier coefficients v n for different harmonics n : 



v n = (cos n-(</> - iPn)) 



(1) 
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where <fi denotes the transverse emission angle of one particle, 

(j) — tan -1 — , (2) 

Px 

and the reaction plane angle !F n is estimated on an event-by-event basis by 
searching for the maxima of the ^-distribution. 

The 2 nd Fourier coefficient V 2 is the so called elliptic flow. The ellipticity 
in spatial coordinates comes about because of the asymmetric overlap of 
the two colliding nuclei in a non-central collision. However, a finite cross- 
section for re-interactions is required for this initial state spatial asymmetry 
to translate itself into a final state momentum space asymmetry; and the 
cross-sections must be large at early times otherwise the details of the initial 
collision geometry could not manifest themselves in the final state momentum 
distributions. 

We see elliptic flow in pion, kaon, proton and lambda spectra. V 2 is 
large and in good agreement with hydrodynamic models for ultra-relativistic 
heavy-ion collisions [6]. Even the mass dependence is well described by hy- 
drodynamics [7,8]. This is interesting because these models [9] assume local 
thermal equilibrium and large amounts of elliptic flow can only be generated 
if equilibrium is established very early in the time history of the collisions. 




p T (GeV/c) 

Fig. 2. Elliptic flow V2 as a function of px- At high px the signal saturates which 
is in qualitative agreement with model calculations [10] assuming partonic energy 
loss. However, this model implies unnaturally high gluon densities at mid-rapidity 
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One surprising thing about our data is that elliptic flow persists to high 
momentum and then it saturates, see Fig. 2. This applies for collision energies 
of v /snn = 130 GeV as well as for 200 GeV and for all centralities. The flow 
pattern follows the prediction of hydrodynamics up to about 2 GeV / c but 
then hydro predicts that the curve should continue to rise. In contrast we 
observe that the elliptic flow saturates. Thus, there is some mechanism even 
at high px which allows the asymmetry in the emission pattern to persist to 
the highest measured transverse momenta. This mechanism may be partonic 
energy loss or another exotic process. However, at pt > 6GeV/c non-flow 
effects could have a considerable contribution to the observed v 2 (pt)- 

In a model [10] which adds to a perturbative QCD calculation a param- 
eterized hydro component, a similar behavior was observed [11]. There the 
value of v 2 (pt ) at saturation was found to be sensitive to the initial gluon 
density. This is a hint that the saturation is due to an energy loss of the 
partons in the dense medium. 



4 Jets in Nucleus-Nucleus Collisions 



Jets are hard to find in heavy-ion collisions because the high multiplicity of 
particles hides the jets and the calorimeter (EMC) was not completely in- 
stalled for data taking in 2001. Therefore the question how jets in Au-Au 
collisions compare to jets in p-p collisions was attacked using a statistical 
correlation technique. The correlation function is built by identifying a par- 
ticle with a transverse momentum that exceeds a trigger threshold and then 
looking for associated high-px particles at similar angles and rapidity inter- 
vals: 



C 2 (A</>, Arj) 



1 N ( A<f > , Aij) 
N trigger Efficiency 



(3) 



The correlation data show that jets exist in central collisions at RHIC 
and we have previously reported on them at 130 GeV [12]. However, other 
correlations exist in heavy ion collisions which may not be present in p-p 
collisions. Elliptic flow is an example. We need a technique to distinguish one 
correlation from the other. 

We have done this by looking in the non-jet region (45° < Acj) < 125°) 
and building up the correlation function in and out of the jet cone. The new 
correlation function is shown below: 



C 2 (Au + Au) = C 2 (p + p) + A • (l + c lv\ cos (2 A</>)) . (4) 

It includes the p-p correlation and the effects of elliptic flow. The v 2 pa- 
rameter was determined independently by a reaction plane analysis and the 
magnitude, A, of the flow term was fit in the non-jet cone region, see Fig. 3. 

The correlation functions for Au-Au and p-p (+ flow) collisions are very 
similar in the forward jet cone regions (\A(f)\ < 1 radian). But the correlation 
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A (radians) 

Fig. 3. The observed jet like correlation function in heavy-ion collisions is compared 
to the correlations seen in p-p collisions. The effects of elliptic flow are added to the 
p-p reference function. Note that the correlation is suppressed at 180° in Au-Au 
collisions 



functions for central collisions are different in the backward cone region and, 
in particular, the backward going jets in Au-Au are suppressed. 

It is possible that a jet can only be seen when it originates near the 
surface of the collision zone. The backward going jet could be suppressed 
either because the fireball is opaque to high-px particles, or, perhaps, the 
angular correlation with the away side jets is destroyed by multiple gluon 
exchange in the gluon saturated core of the fireball. 

5 Ultra-Peripheral Heavy-Ion Collisions 

In ultra-peripheral heavy-ion collisions the two nuclei geometrically ‘miss’ 
each other and no hadronic nucleon-nucleon collisions occur. At impact pa- 
rameters b significantly larger than twice the nuclear radius i?A, the nuclei 
interact by photon exchange and photon-photon or photon-Pomeron colli- 
sions [13]. 

We studied exclusive p° production at y^NN — 130 GeV which, due to 
the coherent coupling of the exchanged photons to the nuclei, have large 
cross sections. Furthermore the final states are restricted to low transverse 
momenta. The Au nuclei are not disrupted, and the final state consists solely 
of the two nuclei and the vector meson decay products: Au+ Au -* Au+ Au+ 
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p° -» Au+ Au+7r + +7r . In addition to coherent p° production, the exchange 
of virtual photons may excite the nucei: Au + Au -» Au* + Au* + p° —>> 
Au* + Au* + 7r + +7 r“. 

In general both types of reactions leave you with an ‘empty’ detector, 
despite of the decay products of the vector meson: p° — > 7 r + + 7 r~ . These two 
oppositely charged tracks are approximately back-to-back in the transverse 
plane due to small px of the pair. The Au nuclei remain undetected within the 
beam (On, On; no up- or downstream neutrons emitted by the nuclei detected). 
Thus, for AuAu — AuAup 0 we were triggering on two single hits in opposite 
side quadrants of the CTB. Because nearly all nuclear decays following photon 
absorption include neutron emission, for AuAu — > Au*Au*p° the coincident 
detection of neutrons in the ZDCs was required (xn, xn). 

The spectrum shown in Fig. 4 (a) shows the transverse momentum dis- 
tribution of pion pairs for the two-track event samples of the minimum bias 
trigger (xn, xn). It is peaked at px ~ 50MeV/c as is the px spectrum of 
the (On, On)-triggered events (not shown here). This is the expected behavior 
from coherent coupling. 




Fig. 4. Spectra of coherent p° production in 2-track events selected by the minimum 
bias trigger (xn,xn). In both figures points are oppositely charged pion pairs, and 
the shaded histograms are the normalized like-sign combinatorial background, (a) 
px spectrum, (b) dcr/dM^n for events with pair -px < 150MeV/c. The hatched his- 
togram contains an additional combinatorial backgroud contribution from coherent 
e + e _ pairs 

The da/dM-jrn invariant mass spectrum for the (xn, xn) events with a 
pair -px < 150MeV/c is shown in Fig. 4 (b); the (On, On) events have a sim- 
ilar da/dM^n spectrum. The spectrum is fitted by the sum of a relativistic 
Breit-Wigner for p° production, the contribution of direct 7r + 7r~ production 
and their interference. By extrapolating this fit to full rapidity we measured 
the cross sections to cr(AuAu —> Au* n5Xn Au* nxn p 0 ) = 28.3 d= 2.0 ± 6.3 mb. 
This value is in agreement with theoretical calculations [14,15]. We estimate 
a(AuAu — >> AuAup 0 ) = 370 =t 170 ± 80 mb (On, On), see [16] for details. 
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6 Conclusions and Outlook 

Nuclear matter created by collisions of heavy-ions is not a trivial convolution 
of nuclear matter created by collisions of protons. Our analyses at 130 and 
200 GeV show that the fireball created at RHIC collisions is very dense and 
possibly opaque. New energy loss mechanisms will be required to explain how 
high-px particles interact with this hot and dense matter. 

Our data show that nuclear matter produced at RHIC collisions is ac- 
curately described by hydrodynamic models which assume local thermody- 
namic equilibrium at very early times in the collision sequence. Away side 
jets appear to be missing in central Au-Au collisions which suggests surface 
emission of jets or energy loss in the partonic medium. The measurements 
of coherent p° production in heavy-nuclei collisions confirm the existence of 
vector meson production in those reactions and are in agreement with the 
theoretical expectations. 

In summary the properties of nuclear matter at RHIC energies are not 
inconsistent with local thermal equilibrium. First hints of the predicted jet 
quenching effect are visible at RHIC. We are looking forward to extend 
our studies during the upcoming run period which will serve us with up 
to 29 weeks of d-Au (including cooldown) and 8 weeks of polarized proton 
collisions. 
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1 Introduction 

Among CDF physics opportunities, heavy flavour physics is one of the 
most prominent and promising for the Tevatron run2. Still in the runl CDF 
demonstrated that high precision CP violation measurement in the beauty 
sector as well as B mixing are feasible at hadronic collider, we think here 
especially to the first measure of sin2f3 with B° J/PsiK ® decays and 
that of AnriBd (see [1]). Tevatron accelerator and CDF detector upgrades are 
extensively discussed in other papers to which we refer to (see [2]). Here we 
just recall the new features relevant to heavy flavour physics: 

• New muon detector coverage up to \rj\ <1.5 and lower pr threshold for 
single and dimuon triggers. 

• New Time of Flight detector (TOF) placed at R = 1.4m, made of 216 
scintillator bars. The TOF resolution is 100 ps allowing & K /it separation 
at 2 a for Pt(K) < l.GGeV (see [3]). With this upgrade the effective 
dilution eD 2 of flavour tagging algorithms will reach 11.3 % (5.7 % in 
runl). 

• Completely new Silicon Vertex detector SVXII of 5 double layers, other 2 
external silicon layer ISL and additional silicon layer LOO at 1.5 cm from 
the beam pipe; will enhance vertex resolution and acceptance. 

• Trigger system based on LI fast tracking XFT in the drift chamber and 
L2 secondary vertex selection through impact parameter measurement 
based on silicon hits (SVT) gives online rejection of prompt background 
and direct access to hadronic HF decays (details in [4]). 

Recent CDF results based on both the lepton and SVT hadronic trigger 
samples are presented in the following, together with highlights of heavy 
flavour physics prospects and plans for run2a. 

2 Leptonic sample 

The first CDF high statistic b-physics sample is the one collected with the 
muon trigger. In particular since the beginning of the run a large number 
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Fig. 1 . B + — »> J/]PK + (left), B° J/WK*° (center) B s J/&<P (right) invariant 
mass distributions, the unbinned likelihood fits are superimposed. 



of J /ty — y /if! have been reconstructed thus allowing a detailed study of the 
tracking system performances as well as the detector full simulation tun- 
ing. By comparing the reconstructed J/\P mass to the nominal PDG value 
a detailed correction for the energy loss by the tracks in the detector ma- 
terial has been implemented in the simulation eliminating the Pt(Mj /#) 
momentum scale dependence. The material added in the simulation was 
found compatible with the detector material distribution obtained from con- 
version electron study on data. Tiny magnetic field correction factor has 
been also applied. This momentum scale tuning based on J/\P has been 
confirmed on other reconstructed /x/x resonances like Y’(ls), Y(2s), Y(3s) 
which showed invariant masses values compatible with PDG values. Rely- 
ing on this result we measured on the leptonic trigger sample the masses 
and lifetimes of B mesons on both exclusive and inclusive final states in- 
volving J/lZ', using the data collected in the dimuon trigger till July 2002 
corresponding to 18.4 yb~ l of integrated luminosity. Masses of B u Bd and B s 
mesons were measured respectively on the exclusive modes B + J/tyK + , 
B° J/\PK*° and B s J/\P$ with ^ — >> KK. In these channels we col- 
lected N b+ = 152.7 =L 14.0, N b o = 82.4 ± 11.5 and N Bs = 14.4 ± 4.0, the 
corresponding invariant mass peaks are shown in figure 1. The fit results for 
the masses are: 

M b + = 5280.6 ± 1.7 (stat) ± 1.1 (syst)MeV/c 2 (1) 

M b o = 5279.8 ± 1.9 (stat) ± lA(syst)MeV/c 2 
M Bs = 5360.3 ± 3.8 (stat) + 2.1/ - 2.9 (syst)MeV/c 2 

The precision of B mesons masses is statistically dominated for the time 
being, they are still in very good agreement with the world averages. M Bs is 
already the world second best single measurement. To have an independent 
cross check of the reconstruction and fitting algorithms the higher statistic 
and topologically similar channel W J/\P nn was used as monitor. The 

measured mass in that channel is M#> = 3686.43 ± 0.54 (stat)MeV/c 2 
(PDG value: = 3685.96 =b 0.09 MeV/c 2 ). 

Vertexing resolution performances are also well under control as well as 
silicon detector alignment, allowing us to measure inclusive b hadron life- 
time. This has been done using the same full dimuon trigger sample contain- 
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Fig. 2. Left: Inclusive b proper time fit results projected onto the data in the J 
signal region. Right: the exclusive B proper time distribution in B± — > J/tyK^ 
candidates passing selection cuts, the result of the M.L. fit is overlaid. 



ing ~ 28000 J/\P produced either directly at primary vertex of pp interaction 
(“prompt” J/& component) or through b -» cc-\- X (“lifetime” component). 
The ct(J/\P) distribution is plotted in figure 2 (left). The ct has been cor- 
rected with Montecarlo to account for the partially reconstructed decay. J /H/ 
from primary vertex has been used to study the resolution function. The 
obtained b hadron inclusive lifetime: 

CTinc — 458 ± 10 (stat) ± 11 (syst)jim (2) 

is the result of an unbinned likelyhood fit containing the shapes of the 
“prompt” and “lifetime” components as well as that of the background taken 
from J/\P side-band convoluted with resolution function. The good control 
of silicon detector alignments and of vertexing resolution show up in a small 
systematic error. In all the analysis presented by the CDF collaboration so 
far neither the innermost silicon layer (LOO) nor the z information of the 
silicon hits are used. Significant improvements are expected in vertexing and 
momentum resolution once this informations will be available. 

The lifetime of B u meson has been measured in the exclusive channel 
B ± J/&K ± relying on the ~ 150 events contained in the same dimuon 
trigger sample. The ct(B + ) distribution is plotted in figure 2 (right) and it 
is modeled by an exponential long life component convoluted with a gaussian 
resolution function, the result is: 

ct(B + ) = 446 ± 43 (stat) zb 13 (syst)fim (3) 

r(B + ) = 1.49 zb 0.14 (stat) zb 0.04 (syst)ps 

in good agreement with PDG value although statistically dominated so far. 



3 Hadronic sample 

We present here some preliminary results from the SVT hadronic trigger 
sample in which up to now CDF collected an effective integrated Luminosity 
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Fig. 3. Left: D° — > Kit candidates in the SVT trigger sample. Right: D° mesons 
impact parameter distribution, the contribution of D 0, s from B decays in the tails 
(in red) is superimposed to the total (in black). 



of around 10 pb~ x . As highlighted in the introduction SVT has been de- 
signed to select long lived bb and cc events among the huge prompt QCD 
background, relying on significant impact parameter request on tracks. It is 
the first time that heavy flavour events are collected in a collider experiment 
without explicitly requiring a lepton, thus giving access to a great variety of 
fully hadronic decays of b and c hadrons. A very large sample of D mesons 
has been collected in this trigger, which is a clear sign of a relevant charm 
production cross section in pp interaction at = 1-96 TeV. In particular 
we reconstructed around 56000 D° meson decaying to Kn as can be seen 
in figure 3 (left). The D° meson sample allowed a detailed understanding 
and optimization of the hadronic trigger and its simulation as well as for the 
detector resolution, playing on this items a major role equivalent to that of 
J/tf’s in the typical lepton triggers. The relative composition of SVT trigger 
sample in terms of b and c quarks has been studied exploiting the high vertex 
resolution in hadronic decays reconstruction by tracing back the D meson di- 
rection and measuring its impact parameter with respect to primary vertex. 
D mesons produced at PV are expected to have a null impact parameter (IP) 
within the resolution while D mesons from B — » D ± X will show up in the 
impact parameter distribution as a long life component, see figure 3 (right). 
Depending on the IP resolution parametrization modeled both with K s nn 
IP distribution in the hypothesis that K s are mostly prompts or with a sim- 
ple gaussian model, we obtained for the component ratio i?^ c = bb/cc in the 
SVT trigger, respectively Rb c = 16.4 ± 0.7% and Rb c = 23.1 ±0.6%. The first 
method is an underestimation of Rb c since it neglects secondary K s while the 
second could overestimate Rb c fraction disregarding non gaussian tails in IP 
detector resolution. 

Significant number of Cabibbo suppressed decays of D° meson has been 
observed in the modes D° — > tttt and in KK, the invariant mass distributions 
are shown in figure 4. Since this tttt and KK decays of D° are collected with 
exactly the same two track trigger it is possible to measure their widths 
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Fig. 4. D° — > 7T7T (left) and D° — > KK (right) candidates invariant masses. 

relative to that of the Ktt mode. The results based on 9.6 pb ~ 1 of run2 SVT 
data are [5] : 

r(KK)/r(Ki r) = 11.17 ± 0A8(stat) ± 0.98(syst) % (4) 

r(7T7T)/r{K7T) = 3.37 ± 0.20 (stat) ± 0.16 (syst) % 

Even at this early run2 stage this results are at the same level of precision of 
the world best single measurements done by CLE02 [6]. Most of systematic 
cancel in the ratio while higher order relative acceptance correction are done 
through simulation and treated as systematic contribution. In particular in 
the KK channel the more relevant contribution to systematic error comes 
from background models. Other sources are the momentum spectra at pro- 
duction given as inputs to the trigger simulation and the detector and trigger 
simulation itself. 

Using the same trigger systematic cancellation in similar or identical final 
states, the mass difference between D s and D+ mesons has been measured 
by reconstructing in the same SVT sample D S ,D+ <p7r,<P — > KK. The 
two peaks are shown in figure 5. The enhancement of decay to this 
suppressed mode is an artifact of trigger bias which prefers long lifetime 
decays (cr(D + ) ~ 2 cr{D s )). The preliminary result is already competitive: 

Am(D s - D+) = 99.28 ± 0A3{stat) ± 0.27(s^)MeV/c 2 (5) 

In the same hadronic sample from the early Luminosity collected by CDF 
in the SVT trigger, the first B mesons decaying to fully hadronic final states 
has been observed. Particularly relevant are the B ± D° tt, D° Ktt shown 
in figure 6 (left) and B^ s -> hh where hh stands for 2 hadrons; in figure 6 
(right) the 2 i r mass hypothesis is adopted, the peak is the super-position of 
Bd tttt,Ktt and B s -» KK^Ktt. Respectively 56 ± 12 and 33 ± 9 signal 
events are observed in those modes. 

4 Beauty and Charm perspectives 

Among the large number of analyses in the B sector which are in the reach 
of CDF with the 2 fb~ x of run2a, the measurement of B s -f- B s oscillation 
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Fig. 5. $ 7 r with <P — y KK mass distribution, there are 1400 D+ and ~ 2400 D s 
candidates in this mode in 11.6 pb~ l of integrated luminosity by SVT. 





Fig. 6. B ± —> D°tt with D° — »• Ktt candidates (left), B — > 2 hadrons with tttt mass 
hypothesis (right); reconstructed in the hadronic trigger SVT. 



frequency Am s is one of the most relevant. The most recent limits from LEP 
searches constrain Am s > 14.4ps _1 at 95% CL; on the other hand CKM 
triangle global fit limits Am s to an upper bound of 24.6ps -1 with 95% CL. 
In 2 fb~ x CDF expects to collect about 75K B s decays to D s tt, D s 7nnr with 
D s — >* $7r, AT* AT, K S K in the hadronic trigger. Considering a decay time res- 
olution of 60 fs (45 fs with LOO), an effective dilution for flavour tagging 
eD 2 = 11.3% and a S/B ratio between 0.5 and 2, CDF will have a 5 a sensi- 
tivity for a Am s < 45 ps~ 1 thus largely exceeding the Standard Model expec- 
tations. Actually the CKM global fit range will be in principle covered with 
order 10 % of the total prospected integrated luminosity. A crucial point will 
be the flavour tagging algorithms among which the opposite side and same 
side (B s hadronization) Kaon tagging both based on K identification with 
TOF, will play a major role. In order to measure eD 2 with required accuracy, 
a new trigger path has been implemented. It’s a lepton (e, fi) plus displaced 
track trigger (SVT impact parameter request). This sample is enriched in 
semileptonic B and D decays in the same low Pt range of B s decays; it will 
also be the starting point toward promising CKM elements V c b and V u b mea- 
surements through inclusive and exclusive semileptonic B decays. Another 
promising topic for CDF will be the study of CP asymmetries in the B — » hh 
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decays to two charged particles like Bd — > Ktt^tttt and B s Ktt,KK ex- 
ploiting the SVT trigger capabilities. The unique feature at Tevatron is the 
contemporary presence of both Bd and B s mesons thus opening the possi- 
bility to extract sinj from those Acp as suggested in [7]. This measurement 
will rely on the particle identification performance based on dE/dx from the 
drift chamber (~ 1.3 cr separation power for pp > 2 GeV) for the i r and K in 
the final states. Mixing measurement will separate Bd from B s components. 
Particle identification with dE/dx will be controlled on the kinematically 
similar sample of D° with high statistics. B physics plans on all other topics 
are discussed in detail in [8] . 

In the Charm sector, CDF is already a high statistics experiment, as high- 
lighted previously in this article. The charm production cross section will be 
measured for the first time at pp collider using SVT sample, giving a consid- 
erable input to QCD theoretical calculations. Given the recent optimization 
in SVT efficiency we can at present foresee to collect 750000 D° -> Kit 

and ~ 250000D* — > D°tt per 100 pb~ x of integrated luminosity. This opens 
the way to the measures of D° -=- D° mixing parameter y via lifetime differ- 
ences (between D° CP eigenstates and CP mixed states) and to direct CP 
asymmetries in D decays (using the strong interaction D* tag), with a pre- 
cision competitive with present and near future experiments. A program of 
searches for rare and forbidden charm decays is also going on. CDF results on 
charm physics together with its impact on the knowledge of CP violation, will 
bring in the next years important informations in this field before the charm 
factory CLEO-C [9]. The present CDF detector performances are compati- 
ble with expectations and already very close to final ones. First competitive 
measurements in the HF sector presented here, demonstrate the very good 
understanding of detector and systematic control. The new hadronic SVT 
trigger is already selecting large samples of HF, and will be the key point for 
beauty and charm physics reach. 
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1 Introduction 

In the era of e + e~ B factories, the Tevatron pp collider remains a practical 
and complementary tool for studying the b quark. Beauty hadrons are copi- 
ously produced at the Tevatron, where the pp — » bb interaction cross section 
(see Fig. 1 [1]) is predicted to be 150 /ibarns at the Run II collision energy 
of y/s = 2 TeV. Compared to the e + e - BB interaction cross section of 
1 nanobarn at the T(4S f ), this represents a large rate of b quark produc- 
tion. On the other hand, the backgrounds at the pp collider are substantially 
larger than at e + e~ machines. Furthermore, contrary to the case at T(45 f ) 
e + e~ machines, the bb partners are only correlated at production, thereafter 
hadronizing completely independently into their respective final states. Fi- 
nally, another advantage the Tevatron has over the e + e - B factories is that 
all species of b hadrons, including the B <*, B u , B s and B c mesons and the A b 
baryon, are produced and can be studied at the Tevatron. 




Pr** (GeV/c) 

Fig. 1. Interaction cross section for pp — » bb at the Tevatron 1 . 
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2 The Run II D0 Detector 

The D0 detector has undergone a major upgrade to take full advantage of the 
Tevatron Run II environment. In addition to the excellent Run I calorime- 
ter [3], D0 now has a 2-Tesla solenoidal magnet, a scintillating fiber tracker [4] 
and a silicon microstrip vertex detector [5] for improved tracking. The track- 
ing system has excellent forward coverage. The scintillating fiber tracker ob- 
serves tracks up to 77 = 1.65 and the forward disks in the silicon microstrip 
vertex tracker allow the reconstruction of tracks up to 77 = 2.50. The impact 
parameter resolution of the tracking system is approaching design expecta- 
tions, as shown in Fig. 2. 




Fig. 2. Impact parameter resolution in the D0 tracking system. 



The D0 preshower detectors [6] enhance electromagnetic shower identi- 
fication capabilities in the central and forward regions. The extensive muon 
system has been upgraded to improve the spatial resolution and allow reduced 
trigger thresholds. A 2-Tesla toroidal magnet situated between the inner two 
layers of the muon system allows a coarse momentum measurement using 
proportional drift tubes. 

The new D0 trigger system includes a central track trigger at Level 1, 
which is currently being commissioned. This trigger is a combination of 
custom-designed hardware and firmware. Preprogrammed track equations are 
matched to the hit patterns in the fiber tracker. 

The Level 1 tracks are used as seeds for the Level 2 impact parameter 
trigger [7]. This is a custom-designed hardware and firmware device, which 
will be installed shortly after the track trigger is available. This device finds 
clusters from the hits in the silicon microstrip tracker and matches them to 
the Level 1 tracks. An improved fit is performed, giving an impact parameter 
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resolution of 20 /im (in addition to the beam spot). The Silicon Track Trigger 
allows a reduced pt threshold on the single lepton and dilepton triggers, 
important for B physics studies. In particular, we expect an increase in the 
yield of B° — » J/^K° S candidates of 50%. 

3 The D0 Beauty Physics Program 

The D0 collaboration is preparing to perform several B physics studies in 
Run II. These include, but are not limited to, studies associated with CP 
violation, B® mixing and numerous spectroscopy, lifetime, rare decay and 
cross section measurements. 

D0 has reconstructed its first J/\P pLfi candidates, as shown in Fig. 3. 
Using these events, the first fully reconstructed B hadrons were observed at 
D0 in the decay mode B+ J/&K + , and its charge conjugate mode. This 

resonance is shown in Fig. 4. The mean of the invariant mass distribution, 
5.277 zb 0.021 GeV/c 2 , is consistent with the mass of the charged B meson 
and the width agrees with D0 Monte Carlo expectations. 



D0 Run 2 Preliminary 




Opposite-sign Dimuon Invariant Mass (GeV) 



Fig. 3. Dimuon invariant mass distribution in 5 pb 1 of Run II D0 data. 



3.1 Average B Lifetime 

Using the 5 pb -1 dimuon sample described above, D0 has measured the 
average B hadron lifetime. The proper decay lengths for the various contri- 
butions to the J/\P — > pifi signal are plotted in Fig. 5. There are three main 
contributions: J/\P candidates from B decays, which are long-lived; prompt 
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M(hV,K + ) [GeV] 

Fig. 4. n/iK invariant mass distribution in 5 pb _1 of Run II D0 data. 

J/& candidates from the primary vertex; and fakes, which are primarily long- 
lived (from heavy quark decay) but have a small short-lived component. The 
B decay component is described by an exponential decay convoluted with 
a Gaussian resolution function for the B lifetime. The prompt component 
is described by a Gaussian centered at zero lifetime with a width given by 
the measured error. The fake component is determined via the events in the 
sidebands above and below the J/& peak. It is represented by a Gaussian 
centered at zero with a width given by the measured lifetime error plus posi- 
tive and negative exponential tails. A fit to the sum of the three decay length 
distributions agrees well with the observed distribution. The fit indicates that 
2184T47 events are prompt J/& candidates, 416±30 events are J/\P candi- 
dates from B decays and the average B hadron lifetime is 492±37 /im, in 
good agreement with the world average value of 469/un. The uncertainties 
are statistical only. 




Proper de cay lengt h (cm) J 

Fig. 5. Proper decay length for J/^ candidates in 5 pb _1 of Run II D0 data. 
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3.2 B° Mixing 

One of the most interesting properties of the neutral B mesons is mixing, 
where a particle spontaneously changes into its antiparticle. The B® oscilla- 
tion frequency Arrid has been well measured but B® mixing has yet to be 
observed. Since B® mesons are not produced at the e + e~ B factories running 
at the T(4S f ), B° s mixing can only be observed at the Tevatron for the time 
being. A measurement of the ratio of the B° s to B j] oscillation frequencies 
would yield a constraint on the side of the unitarity triangle representing the 
CKM matrix element ratio V t dV t * b /V c dV* b . 

B® mixing may be observable in semileptonic B® decays at D0. These are 
collected using single- or di-lepton triggers. Nearby tracks are examined for 
D~ — >► (j)7T~ decays. With 2 fb -1 of pp collisions, D0 expects to reconstruct 
about 40 000 B® semileptonic decays. 

If the value of Am s turns out to be large, the resolution in the semilep- 
tonic mode will be insufficient, due to the momentum uncertainty of the 
missing neutrino. However, larger values of Am s can be studied in the B® — >► 
D~7r^(7T~7r^) decay channel. The D s meson is reconstructed in the 07r decay 
mode, where </> K + K~ . D0 triggers on the opposite-side lepton and uses 
the lepton charge to tag the initial flavour. Studies are ongoing to determine 
the expected event yield and x s reach at D0 in Run Ha. 



3.3 CP Violation 

In the framework of the Standard Model, CP violation arises from a single 
complex phase in the CKM matrix. This phase can be observed due to the 
interference between direct B° J /ipK® decays and those that proceed via 

B° B° mixing, i.e., B° — > B° — > J/x/jK®. At the Tevatron, the time- 
dependent CP asymmetry, Acp , is measured, where 

r(B° -+ j/^k*) - r(B° -+ j/^k«) 

Acp{t) = — zzq , (lj 

r{B -> + r{B° J/^AT S °) 

= sin(2/?) sin (Arndt ) . (2) 

The J/V signature is used for the trigger and the K® 7r + 7r _ 

decay is reconstructed by looking for opposite-sign tracks in the vicinity of 
the J/'ij) candidate. Mass constraints on the J/-0 and K® candidates are 
imposed simultaneously with the vertex and pointing constraints. 

The charge correlation between the “same-side” b quark and a nearby 
pion from fragmentation or 5** decay can sometimes be exploited to deter- 
mine the flavour of the B° meson at the time of production. In other cases, 
the production flavour is determined from the flavour of the other b quark 
produced in the pp interaction. This “opposite-side tag” is obtained from 
the charge of the lepton from the 6-quark semileptonic decay, or from the 
pp - weighted net charge of the particles in the b jet. 
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The quality of the flavour tag is given by eV 2 , where e is the tagging 
efficiency and V = TP — 1 is the dilution, related to the probability V that a 
tag gives the correct flavour. In Run I, CDF calibrated the tagging efficien- 
cies using B ± — > J/'ipK ± decays [8], where the charge of the kaon defines 
the flavour. These results were extrapolated by D0 to reflect the conditions 
expected in Run II. 

The resolution on the measurement of sin (2/3) is given by 



cr(sin(2/3)) 



e ^ 1 



l + 4»d 1 

2 Xd sD 2 N 




(3) 



Here, r and Xd = A rrid/r are the decay width and mixing parameter, re- 
spectively, of the B° meson, a t is the proper time measurement resolution 
(expected to be about 90 fs), N is the number of events and S/B is the sig- 
nal to background ratio (which is expected to be about 0.75 at D0). With 
2 fb -1 of integrated luminosity, D0 expects to reconstruct 40 000 decays in 
the J / ^ — y /x + /i“ channel and 30 000 decays in the J/vp e + e“ channel. 
These expectations yield a prediction for the final resolution on sin(2 (3) of 
0.03, to be measured by D0, with the same integrated luminosity. This im- 
proved resolution is a result of the increased muon acceptance and lower muon 
trigger thresholds, improved flavour tagging and forward tracking. This result 
continues to be statistics limited due to the size of the tagging calibration 
samples. 



3.4 A £ Lifetime 

The lifetime of the A® baryon is interesting because, contrary to the predic- 
tions of the naive spectator model, the measured value of 0.797 =b 0.053 is 
inconsistent with unity. In the Standard Model, non-spectator processes such 
as final state quark interference and W boson exchange are insufficient to 
account for such a large deviation. Previous measurements used semileptonic 
modes to achieve statistical precision but had the disadvantage that the A® 
momentum was inferred from the momentum of the daughters (excepting the 
neutrino, which escapes the detector). With 2 fb -1 of data in Run II, utilizing 
dilepton triggers, it will be possible to fully reconstruct 15 000 A® baryons 
in the J/^A 0 mode, despite its small branching fraction. A fast Monte Carlo 
calculation shows that the expected A® baryon mass resolution is 16 MeV/c 2 
and the lifetime resolution is 0.11 ps (see Fig. 6). 



4 Conclusions 

The prospects for successful B physics studies in Run II at the Tevatron are 
excellent. With competitive measurements of quantities such as sin(2/3) and 
Am s , the D0 experiment will continue to make valuable contributions to the 
B physics program with 2 fb -1 of data to be collected in Run Ha. 
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Fig. 6. Distribution of measured minus generated lifetime for J'tpA 0 candidates. 
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Impact of Bottom- Quark Measurements 
on our Knowledge of the Standard Model 
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Summary. In this decade, B-decay experiments will allow stringent tests of the 
Standard-Model description of CP violation. After a classification of the main 
strategies and a discussion of the most recent results on benchmark decay modes 
of and Bd mesons, we focus on the “El Dorado” for hadron colliders, the B s - 
meson system, discussing the differences between the Bd and B s systems, as well 
as prominent B s modes. First access to these decays is already provided by run II 
of the Tevatron. In the LHC era, it will be possible to fully exploit their physics 
potential, in particular at LHCb and BTeV. 



1 Introduction 

In 1964, the discovery of CP violation through K l -a 7t + 7t - decays came as 
a big surprise [1]. This particular kind of CP violation, which is described 
by the famous parameter e, is referred to as “indirect” CP violation, as it 
is due to the fact that the K l mass eigenstate is not an eigenstate of the 
CP operator with eigenvalue —1, but receives a tiny admixture of the CP 
eigenstate with eigenvalue +1. In 1999, also “direct” CP violation, i.e. CP- 
violating effects arising directly at the amplitude level, could be established 
in the neutral kaon system by the NA48 (CERN) [2] and KTeV (Fermilab) 
collaborations [3]. Unfortunately, the theoretical interpretation of the corre- 
sponding observable Re(e'/e) is still affected by large hadronic uncertainties 
and does not provide a stringent test of the Standard-Model description of 
CP violation, unless significant theoretical progress concerning the relevant 
hadronic matrix elements can be made [4-6]. 

One of the hot topics in this decade is the exploration of decays of B 
mesons, allowing powerful tests of the CP- violating sector of the Standard 
Model (SM), and offering valuable insights into hadron dynamics [7]. At the 
moment, the stage is governed by the asymmetric e + e - B factories operating 
at the T(45) resonance, with their detectors BaBar (SLAC) and Belle (KEK). 
In 2001, these experiments could establish CP violation in the B-meson sys- 
tem [8,9], which represents the start of a new era in the exploration of CP 
violation. Many interesting strategies can now be confronted with data [10]. 
In the near future, also run II of the Tevatron is expected to contribute sig- 
nificantly to this programme, providing - among other things - first access to 
B s -meson decays [11]. In the LHC era, these decay modes can then be fully 
exploited [12], in particular at LHCb (CERN) and BTeV (Fermilab). 
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The focus of this overview is CP violation: in Section 2, we give an in- 
troduction to the SM description of this phenomenon, and classify the main 
strategies to explore it. In Section 3, we shall then have a closer look at impor- 
tant benchmark modes of B± and Bd mesons. The “El Dorado” for B-decay 
studies at hadron colliders, the B s -meson system, is the subject of Section 4, 
where we shall discuss the differences between the Bd and B s systems, as well 
as prominent B s modes. In Section 5, we comment briefly on rare B decays, 
before we summarize our conclusions and give an outlook in Section 6. 



2 CP Violation in B Decays 



2.1 Weak Decays 

The CP- violating effects we are dealing with in this paper originate from the 
charged-current interactions of the quarks, described by 



r cc 

^int 



92_ 

v/2 



(«l, cl, ^l) 7 m Vckm 



dh 

b h 



Wl + h.c., 



(1) 



where g 2 is *S'/7(2 )l gauge coupling, the W M field corresponds to the charged 
W bosons, and Vckm denotes the Cabibbo-Kobayashi-Maskawa (CKM) ma- 
trix, connecting the electroweak eigenstates of the down, strange and bottom 
quarks with their mass eigenstates through a unitary transformation. 

Since the CKM matrix elements Vjjd and Vjj D enter in D — > UW~ and 
the CP-conjugate process D UW + , respectively, where D E {d, s,6} and 
U E {u, c, £}, we observe that the phase structure of the CKM matrix is 
closely related to CP violation. It was pointed out by Kobayashi and Maskawa 
in 1973 that actually one complex phase is required - in addition to three 
generalized Euler angles - to parametrize the quark-mixing matrix in the 
case of three fermion generations, thereby allowing us to accommodate CP 
violation in the SM [13]. 

The quark transitions caused by charged-current interactions exhibit an 
interesting hierarchy, which is made explicit in the Wolfenstein parametriza- 
tion of the CKM matrix [14]: 

/ 1 - \\ 2 X AX 3 (p-irj)\ 

Vckm — ( -A 1 - ^A 2 Aa 2 j +0( A 4 ). (2) 

\AX 3 (1 - p - irj) -AX 2 1 J 

This parametrization corresponds to an expansion in powers of the small 
quantity A = 0.22, which can be fixed through semileptonic kaon decays. The 
other parameters are of order 1, where rj leads to an imaginary part of the 
CKM matrix. The Wolfenstein parametrization is very useful for phenomeno- 
logical applications, as we will see below. 
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Fig. 1 . The two non-squashed unitarity triangles of the CKM matrix: (a) and (b) 
correspond to the orthogonality relations (3) and (4), respectively. 



2.2 Unitarity Triangles 

The central targets for tests of the Kobayashi-Maskawa (KM) mechanism 
of CP violation are the unitarity triangles of the CKM matrix. As we have 
already noted, the CKM matrix is unitary, implying 6 orthogonality relations, 
which can be represented as 6 triangles in the complex plane [15], all having 
the same area [16]. However, using the Wolfenstein parametrization, it can 
be shown that only the following two relations describe triangles, where all 
three sides are of the same order of magnitude: 



v ud v: b + v cd v; b + v td v t i = o (3) 

v: h v tb + c v u + v: d v td = o. (4) 

At leading order in A, these relations agree with each other, and yield 

(p + irj) AX 3 + (-AA 3 ) + (1 - p — ip) AX 3 — 0. (5) 

Consequently, they describe the same triangle, which is usually referred to as 
the unitarity triangle of the CKM matrix [16,17]. It is convenient to divide (5) 
by the overall normalization AA 3 . Then we obtain a triangle in the complex 
plane with a basis normalized to 1, and an apex given by (p, p). 

In the future, the experimental accuracy will reach such an impressive 
level that we will have to distinguish between the unitarity triangles described 
by (3) and (4), which differ through 0( A 2 ) corrections. They are illustrated 
in Fig. 1, where p and p are related to p and p through [18] 

p={l-X 2 /2)p, rj = (1 - A 2 /2) rj, (6) 

and 

£7 = 7 - 7 ' = A 2 p. (7) 

Whenever we refer to a unitarity triangle, we mean the one shown in Fig. 1 
(a). To determine the allowed region in the p-p plane, the “standard analysis” 
uses the following ingredients (for explicit expressions, see [19]): 
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• Exclusive and inclusive semileptonic B decays caused by b 
quark-level transitions, fixing a circle of radius Rb around ( 0 , 0 ) [ 20 ]. 

• B®-B® mixing (q G {d, s}), fixing a circle of radius R t around (1,0). 

• Indirect CP violation in the neutral kaon system, £, fixing a hyperbola. 

Many different strategies to deal with the corresponding theoretical and ex- 
perimental uncertainties can be found in the literature. The most important 
ones are the simple scanning approach [5], the Gaussian approach [ 21 ], the 
BaBar 95% scanning method [22], the Bayesian approach [23], and the non- 
Bayesian statistical approach developed in [24] . A detailed discussion of these 
approaches is beyond the scope of this presentation. Let us here just give typ- 
ical ranges for o, (3 and 7 that are implied by these strategies: 

70° 130°, 20° <, f3 <, 30°, 50° £7 £70°. (8) 

Direct determinations of these angles are provided by CP-violating effects 
in B decays. The goal is now to overconstrain the unitarity triangle as much 
as possible through independent measurements of its sides and angles, with 
the hope to encounter discrepancies, which may shed light on new physics. 



2.3 Main Strategies 

The main role in the exploration of CP violation through B decays is played 
by non-leptonic transitions, as CP-violating effects are due to interference 
effects, which arise in this decay class. In particular, interference between 
different decay topologies, i.e. tree and penguin contributions, may lead to 
direct CP violation. Unfortunately, the corresponding CP asymmetries are 
affected by hadronic matrix elements of local four-quark operators, which are 
hard to estimate and preclude a clean determination of weak phases. In order 
to solve this problem, we may employ one of the following approaches: 

• The most obvious - but also most challenging - strategy we may follow 
is to try to calculate the relevant hadronic matrix elements (f\Qk(/j)\B}. 
Interesting progress has recently been made in this direction through the 
development of the QCD factorization [25-28], the perturbative hard- 
scattering (PQCD) [29], and QCD light-cone sum-rule approaches [30]. 

• Another avenue we may follow is to search for fortunate cases where 
relations between decay amplitudes allow us to eliminate the hadronic 
matrix elements. Here we distinguish between exact relations, involving 
pure tree decays of the kind B KD [31-33] or B c — > D S D [34], and 
relations, which follow from the flavour symmetries of strong interactions, 
involving B^ — )> 7r7r, ttK, KK decays [35-47]. 

• The third avenue we may follow to deal with the problems arising from 
hadronic matrix elements is to employ decays of neutral B^ or B s mesons. 
Here we encounter a new kind of CP violation, which is due to interference 
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effects between ( q E {<i, s}) mixing and decay processes; it is 

referred to as “mixing-induced” CP violation. In the rate asymmetry 

r(B° q (t) ->• /) - r(gfo) -> /) 
r(B°(t) ->/) + r(B°(t) -* 7) AFt=0 

= Acp(B q -> /) cos(AM q t) + Acp{B q /) sm(AM q t), (9) 

where AM q and Ar q are the B q mass and decay widths differences, 
respectively, and (CP)\f) = ±|/), it is described by the coefficient of 
the sin (AM q t) term, whereas the one of cos(AM q t) measures direct CP 
violation. If the decay B q -» / is dominated by a single CKM amplitude, 
the corresponding hadronic matrix element cancels in ^(B q -> /). 
This observable is then simply given by ±sin ((f) q — </>/), where 0/ and <j) q 
are the weak B q — / decay and B®-B® mixing phases, respectively [7]. 



3 Benchmark Decay Modes of B ± and Bd Mesons 



3.1 B — > nK 



These decays, which originate from b — » dds, uus quark-level transitions, may 
receive contributions from penguin and tree topologies, where the latter bring 
the CKM angle 7 into the game. Interestingly, because of \V us V* b / (V ts V t * b )\ ~ 
0 . 02 , B -> ttK modes are dominated by QCD penguins, despite their loop 
suppression. As far as electroweak (EW) penguins are concerned, they are 
expected to be negligible in B% — » 7 r _ AT + , B + — » 7r + if°, as they contribute 
here only in colour-suppressed form. On the other hand, they are sizeable in 
— y 7 t°K+ and B® — > 7r°K° : i.e. of the same order of magnitude as the 
trees, since they contribute here also in colour-allowed form. 

Through interference effects between tree and penguin contributions, we 
obtain sensitivity on 7. Relations between the B — » nK amplitudes that are 
implied by the SU(2) isospin flavour symmetry of strong interactions suggest 
the following combinations to determine this angle: the “mixed” B ± 71 
Bd 7 r T K ± system [36-39], the “charged” B ± -> n ± K, B ± -> tt°K ± 

system [40-42], and the “neutral” Bd 7r °K, Bd — > 7 t^ 1 K ± system [42,43]. 

All three B — > 7 xK systems can be described by the same set of formulae 
by just making straightforward replacements of variables [42]. Let us here, 
for simplicity, focus on the charged B — » 7 xK system. In order to determine 7 
and strong parameters, we have to introduce appropriate CP-conserving and 
CP-violating observables, which are given as follows: 




= 2 



"BR (fl+ -> 7 r°A: + ) ± BR(J3~ -)> 7r°K-y 
_BR (B+ 7 r+K°) + BR(B- -> 7t~K^)_ 



(10) 



To parametrize these observables, we make use of the isospin relation men- 
tioned above, and assume that certain rescattering effects are small, which is 
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Fig. 2. The allowed regions in the R c ~Aq plane for q = 0.68 and r c = 0.24. In (a) 
and (b), we show also the contours for fixed values of 7 and |6 C |, respectively. 



in accordance with the QCD factorization picture [25-27]. Anomalously large 
rescattering processes would be indicated by data on B -» KK modes, which 
are already highly constrained by the B factories, and could be taken into 
account through more elaborate strategies [39,41,42]. The expressions for R c 
and Aq thus obtained involve then - in addition to 7 - the parameters r c , q 
and S c , which have the following physical interpretation: r c measures, simply 
speaking, the ratio of tree to penguin topologies. It can be fixed through 
SU(3) arguments and data on B ± 7r ± 7r° [35], yielding r c ~ 0.2. On the 
other hand, q describes the ratio of EW penguin to tree contributions, and 
can be determined through SU(3 ) arguments, yielding q ~ 0.7 [40]. Finally, 
5 C is the CP-conserving strong phase between trees and penguins. 

Consequently, the two observables R c and depend on the two “un- 
knowns” 5 C and 7. If we vary them within their allowed ranges, i.e. —180° < 
5 C < +180° and 0° < 7 < 180°, we obtain an allowed region in the R c - 
Aq plane [44,48]. Should the measured values of R c and Aq lie outside this 
region, we would have an immediate signal for new physics. On the other 
hand, should the measurements fall into the allowed range, 7 and 5 C could be 
extracted. In this case, 7 could be compared with the results of alternative 
strategies and with the values implied by the “standard analysis” of the uni- 
tarity triangle, whereas S c provides valuable insights into hadron dynamics, 
thereby allowing tests of theoretical predictions. 

In Fig. 2, we show the allowed regions in the R c ~Aq plane for various pa- 
rameter sets [48]. The crosses represent the averages of the present 5-factory 
data. The contours in Figs. 2 (a) and (b) allow us to read off straightforwardly 
the preferred values for 7 and S c , respectively, from the measured observables. 
Interestingly, the present data seem to favour 7 ;> 90° (see also [49]), which 
would be in conflict with (8). Moreover, they point towards \S C \ <; 90°; factor- 
ization predicts S c to be close to 0° [27]. If future, more accurate data should 
really yield a value for 7 in the second quadrant, the discrepancy with (8) 
may be due to new-physics contributions to B®-B® mixing (q E {d, 5 }) or 
the B -> irK decay amplitudes. The allowed regions and contours in observ- 
able space of the neutral B -» itK system look very similar to those shown 
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in Fig. 2 [48]; for a recent update, see [50]. Unfortunately, the experimental 
situation in the neutral B — y irK system is still rather unsatisfactory. As far 
as the mixed B ttK system is concerned, the present data fall well into 
the SM region in observable space, but do not yet allow us to draw further 
definite conclusions [48]. At present, the situation in the charged and neutral 
B — 7 tK systems appears to be more exciting. Examples of the many other 
recent B — )• i tK analyses can be found in [27,45-47,51]. 



3.2 B -* J/tl>K 

The decay B d — > J/'ijj K$ is a transition into a CP-odd eigenstate, and origi- 
nates from b -> ccs quark-level decays. Consequently, it receives contributions 
both from tree and from penguin topologies. Within the SM, we may write 

A(B° d -> J/^jKs) oc [1 + A WV 7 ] , (11) 

where the CP-conserving hadronic parameter ae l 6 measures, sloppily speak- 
ing, the ratio of the penguin to tree contributions in B d J/^Ks [52]. Since 
this parameter enters in a doubly Cabibbo-suppressed way, we obtain to a 
very good approximation [53] (for a detailed discussion, see [7]): 

->• J/tl>K s ) = 0, Jg?(B d -> J/ipKs) = - sin <f> d , (12) 



where (/>d denotes the CP- violating weak B d -B d mixing phase, which is given 
by 2(3 in the SM. After important first steps by the OPAL, CDF and ALEPH 
collaborations, the Bd -* J/^Ks mode (and similar decays) led eventually, 
in 2001, to the observation of CP violation in the B system [8,9]. The present 
status of sin 2(3 is given as follows: 

. / 0.741 ± 0.067 ± 0.033 (BaBar [54]) 

sm zp - j Q J19 ± Q Q74 ± Q Q35 ^ Bdle (id) 

yielding the world average [56] 

sin 2/3 = 0.734 =t 0.054, (14) 



which agrees well with the results of the “standard analysis” of the unitarity 
triangle (8), implying 0.6 <; sin 2 (3 0.9. 

In the LHC era, the experimental accuracy of the measurement of sin 2(3 
may be increased by one order of magnitude [12]. In view of such a tremen- 
dous accuracy, it will then be important to obtain deeper insights into the 
theoretical uncertainties affecting (12), which are due to the penguin contri- 
butions described by ae ie . A possibility to control them is provided by the 
B s — » J/xpKs channel [52]. Moreover, also direct CP violation in B — >> J/'ipK 
modes allows us to probe such penguin effects [57,58]. So far, there are no 
experimental indications for non- vanishing CP asymmetries of this kind. 
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Although the agreement between (14) and the results of the CKM fits is 
striking, it should not be forgotten that new physics may nevertheless hide 
in AQp(Bd — y J/^Ks)- The point is that the key quantity is actually fa, 
which is fixed through sin^ = 0.734 =b 0.054 up to a twofold ambiguity, 

^ = (47lt)° V (133^)°. (15) 

Here the former solution would be in perfect agreement with the range implied 
by the CKM fits, 40° <; fa 60°, whereas the latter would correspond to new 
physics. The two solutions can be distinguished through a measurement of the 
sign of cos fa: in the case of cos (fid = +0.7 > 0, we would conclude fa = 47°, 
whereas cos (fid = -0.7 < 0 would point towards fid = 133°, i.e. new physics. 
There are several strategies on the market to resolve the twofold ambiguity 
in the extraction of fa [59]. Unfortunately, they are rather challenging from 
a practical point of view. In the B J/fiK system, cos fid can be extracted 
from the time-dependent angular distribution of the decay products of Bd 

£ + £~]K*[— > 7t°Ks], if the sign of a hadronic parameter cos 5 involving 
a strong phase 6 is fixed through factorization [60,61]. This analysis is already 
in progress at the B factories [62]. For hadron colliders, the Bd — > 

B s -y J/fifi system is interesting to probe cos fa [63]. 

The preferred mechanism for new physics to manifest itself in CP-violating 
effects in Bd —y J/fiKs is through B®-B^ mixing, which arises in the SM 
from the famous box diagrams. However, new physics may also enter at the 
B -» J/ifiK amplitude level. Employing estimates borrowed from effective 
field theory suggests that the effects are at most 0(10%) for a generic new- 
physics scale Anp in the TeV regime. In order to obtain the whole picture, 
a set of appropriate observables can be introduced, using Bd -y J/fiKs and 
its charged counterpart B ± —y J/ifiK ± [58]. So far, these observables do not 
indicate any deviation from the SM. 



3.3 B — y fi>K 

Another important testing ground for the KM mechanism of CP violation is 
provided by B —y fiK decays, originating from b —y sss quark-level transi- 
tions. These modes are governed by QCD penguins [64], but also EW pen- 
guins are sizeable [65,66]. Consequently, B — » fiK modes represent a sensitive 
probe for new physics. In the SM, we have the following relations [57,67-69]: 

A d £(B d ^ <f>K s ) =0 + O(X 2 ) (16) 

Ag?(B d -+ <f>K s ) = Acp{B d -»■ J/ipKs) + 0( A 2 ). (17) 

As in the case of the B —y J/^K system, a combined analysis of Bd 
B ± — >> (pK^ modes should be performed in order to obtain the whole picture 
[69]. There is also the possibility of an unfortunate case, where new physics 
cannot be distinguished from the SM, as discussed in [7,69]. 




Impact of Bottom- Quark Measurements on our Knowledge of the SM 247 
In the autumn of 2002, the experimental status can be summarized as 



A^(B d (f)K s ) 



( n.a. (BaBar [70]) 

\ 0.56 ±0.41 ±0.12 (Belle [71]) 



(18) 



A^(B d -> <j>K s ) = 



0.19lo52 ± 0.09 (BaBar [70]) 
0.73 ± 0.64 ±0.18 (Belle [71]). 



(19) 



Unfortunately, the experimental uncertainties are still very large. Because of 
Aqp(Bci -> J/^Ks) = -0.734 + 0.054 (see (12) and (14)), there were already 
speculations about new-physics effects in B d (j)Ks [72]. In this context, it 

is interesting to note that there are more data available from Belle: 



^(B d -> r/K s ) = -0.26 ± 0.22 ± 0.03 (20) 

^ x (B d -»■ v 'Ks) = -0.76 ± 0.36±g;g® (21) 



A^(B d ^ K + K-Ks) = 0.42 ± 0.36 ± 0.09tg;^ (22) 

A^{B d -> K + K~K S ) = -0.52 ± 0.46 ± 0.11±g gf . (23) 

The corresponding modes are governed by the same quark-level transitions 
as Bd -> (j)Ks. Consequently, it is probably too early to get too excited by 
the possibility of signals of new physics in Bd — » (f)Ks [56]. However, the 
experimental situation should improve significantly in the future. 



3.4 B 7T7T 

Another benchmark mode for the B factories is B® 7 r + 7 r - , which is a 
decay into a CP eigenstate with eigenvalue +1, and originates from b — > uud 
quark-level transitions. In the SM, we may write 

A(B® — > 7 r + 7 r~) oc [e 27 — de ie ] , (24) 

where the CP-conserving strong parameter de ie measures, sloppily speaking, 
the ratio of penguin to tree contributions in Bd — » 7 r + 7 r~ [73]. In contrast to 
the B ^ J/^Ks amplitude (11), this parameter does not enter in (24) in a 
doubly Cabibbo-suppressed way, thereby leading to the well-known “penguin 
problem” in Bd 7 r + 7 r“. If we had negligible penguin contributions, i.e. 
d — 0 , the corresponding CP-violating observables were given as follows: 

Aqp (B d tt+tT) — 0, Acp(B d -> 7 r + 7 r - ) = sin(2/3 + 2y) = - sin 2a, 

(25) 

where we have also used the unitarity relation 2/3 + 27 = 27r — 2 a. We observe 
that actually the phases (f>d = 2/3 and 7 enter directly in the Bd 7 r + 7 r~ 
observables, and not a. Consequently, since fa can be fixed straightforwardly 
through Bd — > J/^Ks, we may use Bd — » to probe 7 [48]. 
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Measurements of the Bd 7r + 7r CP asymmetries are already available: 



Acp(B d 7T + 7T ) 
-4& X (£ d -► 7T+7T-) 



( -0.30 ± 0.25 ± 0.04 (BaBar [74]) 
{ -0.94tg;^ ± 0.09 (Belle [75]) 

/ -0.02 ± 0.34 ± 0.05 (BaBar [74]) 

l i-2i±8:ll±8:ii (Belief). 



(26) 



(27) 



Unfortunately, the BaBar and Belle results are not fully consistent with each 
other; the experimental picture will hopefully be clarified soon. Forming 
nevertheless the weighted averages of (26) and (27), using the rules of the 
Particle Data Group (PDG), yields 



^(B d tt+tT ) = -0.57 ± 0.19 (0.32) (28) 

Acp{B d ->• tt+tT) = 0.57 ± 0.25 (0.61), (29) 



where the errors in brackets are the ones increased by the PDG scaling-factor 
procedure [76]. Direct CP violation at this level would require large penguin 
contributions with large CP-conserving strong phases. A significant impact 
of penguins on Bd — > 7r + 7r~ is also indicated by data on B [48], 

as well as by theoretical considerations [27,51]. Consequently, it is already 
evident that the penguin contributions to Bd 7r + 7r - cannot be neglected. 

Many approaches to deal with the penguin problem in the extraction of 
weak phases from the CP- violating Bd 7r + 7r - observables were developed; 
for a selection, see [27,48,50,77]. In Subsection 4.3, we shall return to this 
issue by having a closer look at an approach using B s — )► K+K~ [73]. 



4 “El Dorado” for Hadron Colliders: H s -Meson System 

4.1 General Features 

At the e + e~ B factories operating at the T(4S) resonance, no B s mesons are 
accessible, since T(4S) states decay only to .B n ^-mesons, but not to B s . On 
the other hand, the physics potential of the B s system is very promising for 
hadron machines, where plenty of B s mesons are produced. Consequently, 
B s physics is in some sense the “El Dorado” for B experiments at hadron 
colliders. There are important differences between the Bd and B s systems: 

• Within the SM, the B®-B® mixing phase probes the tiny angle $7 in the 
unitarity triangle shown in Fig. 1 (b), and is hence negligibly small: 

4>s = -2 5j = -2A 2 7? = 0{- 2°), (30) 

whereas (j)d = 2/3 = 0(50°). 

• A large x s = AM s /r s — 0(20) is expected in the SM, whereas Xd = 
0.775 zb 0.012. The present lower bound on AM S is given as follows [78]: 

AM S > 14.4 ps" 1 (95% C.L.). 



(31) 
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• There may be a sizeable width difference Ar s /r s = 0(— 10%) between 
the mass eigenstates of the B s system, whereas AF ^ is negligibly small 
[79]. The present CDF and LEP results imply [78] 

\Ar s \/r s < 0.31 ( 95 % C.L.). (32) 

Interesting applications of Ar s are extractions of weak phases from “un- 
tagged” B s data samples, where we do not distinguish between initially 
present B® or B® mesons, as argued in [80]. 

Let us discuss the role of AM S for the determination of the unitarity 
triangle in slightly more detail. The comparison of AM^ with AM S allows 
an interesting determination of the side R t of the unitarity triangle. To this 
end, only a single SU (3) -breaking parameter £ is required, which measures 
SU (3)-breaking effects in non-perturbative mixing and decay parameters. It 
can be determined through lattice or QCD sum-rule calculations. The mass 
difference AM S has not yet been measured. However, the lower bounds on 
AM S can be converted into upper bounds on R t through [81] 

m -= os3x(y {W^,’ <33) 

already excluding a large part in the p-rj plane, and implying in particular 
7 < 90° . In a recent paper [82] , it is argued that £ may be significantly larger 
than the conventional range, £ = 1.15 ± 0.06 -» 1.32 ± 0.10. The excluded 
range in the plane would then be reduced, shifting the upper limit for 
7 closer to 90°. Hopefully, the status of £ will be clarified soon. In the near 
future, run II of the Tevatron should provide a measurement of AM S , thereby 
constraining the unitarity triangle and 7 in a much more stringent way. 

4.2 Benchmark Decay Modes of B s Mesons 

An interesting class of B s decays is due to b(b) -> cus(s ) quark-level tran- 
sitions. Here we have to deal with pure tree decays, where both B® and 
B ° mesons may decay into the same final state /. The resulting interfer- 
ence effects between decay and mixing processes allow a theoretically clean 
extraction of </> s + 7 from 

7° x£i s) =e ~ 2iWs+7) . (34) 

There are several well-known strategies on the market employing these fea- 
tures: we may consider the colour-allowed decays B s DfK T [83], or the 
colour-suppressed modes B s — > D 0 </> [84]. In the case of B s -> D* ± A'* =F 
or B s — y D*°</>, the observables of the corresponding angular distributions 
provide sufficient information to extract (j) s + 7 from “untagged” analyses 
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[85], requiring a sizeable AT S . A “tagged” strategy involving B s ->• D^K** 
modes was proposed in [ 86 ]. Recently, strategies making use of “CP-tagged” 
B s decays were proposed [87], which require a symmetric e+e - collider op- 
erated at the r(5S) resonance. In this approach, initially present CP eigen- 
states B^ p are employed, which can be tagged through the fact that the 
B°JB° S mixtures have anticorrelated CP eigenvalues at T(5S). Here we may 
use the transitions B s -> DfK T , DfK* T , D^K**. Let us note that there is 
also an interesting counterpart of (34) in the B d system [ 88 ], which employs 
B d — > decays, and allows a determination of <j> d + 7 . 

The extraction of 7 from the phase <j) s + 7 provided by the B s approaches 
sketched in the previous paragraph requires <p s as an additional input, which 
is negligibly small in the Standard Model. Whereas it appears to be quite 
unlikely that the pure tree decays listed above are affected significantly by 
new physics, as they involve no flavour-changing neutral-current processes, 
this is not the case for the B°-B° mixing phase <j> a . In order to probe this 
quantity, the decay B s -> which is the counterpart of B d ->• J/ipK s , 

offers interesting strategies [61,89]. In contrast to B d J/ipK s , the final 
state of B s -»■ is an admixture of different CP eigenstates. In order to 
disentangle them, we have to use the angular distribution of the J/ij) t + t~ 
and (f> — >■ K + K~ decay products [90]. The corresponding observables are 
governed by [ 12 ] 



41 « e ~^‘ [1 - 2 * sin 7 x 0(1(T 3 )] . (35) 

Since we have <p s = 0(- 2 °) in the SM, the extraction of <f) s from the 
B s —■ ► J/i>[ —*■ i + t~]<f)[— > K + K~] angular distribution may well be affected 
by hadronic uncertainties at the 10% level. These hadronic uncertainties, 
which may become an important issue in the LHC era [12], can be controlled 
through B d -» J/tj) p°, exhibiting some other interesting features [63]. Since 
B s ->■ .//'07 shows small CP- violating effects in the SM because of (35), this 
mode represents a sensitive probe to search for new-physics contributions to 
mixing [91]. For a detailed discussion of “smoking-gun” signals of a 
sizeable value of <p si see [61]. There, also methods to determine this phase 
unambiguously are proposed. 

4.3 The B s — > K+K ~ , B ^ — > 7 r“*~ 7 r — System 

Since B s — >► K + K~ and Bd — > are related to each other through an 

interchange of all down and strange quarks, the U- spin flavour symmetry 
of strong interactions allows us to express the four observables Aqp(B s 
K+K~), A^(B S -)■ K+K- ), A^%(B d -»■ tt+tt”), A^(B d tt+tt”) as 
functions of two hadronic penguin parameters d and ( 9 , as well as 7 , (j) d and 
4> s , which is negligibly small in the SM. Consequently, d, 6 >, 7 , (j) d can be deter- 
mined. If (j) d is fixed through B d — >• J/'ipKs , the use of the U spin symmetry 
in the extraction of 7 and the hadronic parameters can be minimized [ 73 ]. 
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Amix (Bd A m j x (Bd ->7T7r) 



Fig. 3. Allowed regions in Bd 7r + 7r observable space for (a) fid = 47° and 
various values of 77, and (b) fid = 133° (77 = 7.5). The SM regions appear if we 
restrict 7 to (8). Contours representing fixed values of 7 are also included. 



The approach has certain theoretical advantages, and is also very promis- 
ing from an experimental point of view. At run II of the Tevatron and the 
LHC, one expects experimental accuracies for 7 of 0(10°) [11] and 0(1°) 
[12], respectively. For a collection of other C/-spin strategies, see [52,63,92]. 

Since B s — > K+K~ is not accessible at the e + e~ B factories operating 
at T(4S f ), data are not yet available. However, B s — K+K~ is related to 
Bd — ^ through an interchange of spectator quarks. Consequently, we 

may approximately replace B s — > K + K~ by Bd to deal with the 

penguin problem in Bd 7 T+ 7 T - [93]. To this end, the quantity 




fK\ 2 BR(Bd — » 7r + 7r~) 

fj [BR(B d -> ir^K*) 



7.3 ± 2.9 (CLEO [94]) 

7.6 ±1.2 (BaBar [95]) (36) 

7.1 ± 1.9 (Belle [96]) 



is particularly useful, where e = A 2 / (1 — A 2 ). It allows us to eliminate the 
hadronic parameter d in A^p(Bd 7r + 7r~) and A^p(Bd — > 7r + 7r~), which 
then depend - for a given value of fid - only on 7 and the strong phase 6. 
If we vary 7 and 9 within their allowed ranges, we obtain an allowed region 
in the A^p^Bd — > 7 r + tt~)- AQ p(Bd -» 7 r + 7 r - ) plane [48], which is shown in 
Fig. 3. We observe that the experimental averages (28) and (29), represented 
by the crosses, overlap nicely with the SM region for (fid = 47°, and point 
towards 7 ~ 55°. In this case, not only 7 would be in accordance with the 
results of the CKM fits ( 8 ), but also fid- On the other hand, for fid = 133°, the 
experimental values favour 7 ~ 125°, and have essentially no overlap with the 
SM region. Since a value of fid = 133° would require CP- violating new-physics 
contributions to B®-B® mixing, also the 7 range in (8) may no longer hold in 
this case, as it relies on a Standard-Model interpretation of the experimental 
information on B ^ S ~B ^ s mixing. In particular, also values for 7 larger than 
90° could then in principle be accommodated. As discussed in detail in [48], 
in order to put these statements on a more quantitative basis, we may use 
77 to calculate A^p(Bd 7 r + 7 r“) for given values of AQp(Bd — » 7 r + 7 r - ) as 
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Fig. 4. Allowed regions in B s -7 K + K observable space for (a) (j) s = 0° and 
various values of H, and (b) = 30° ( H = 7.5). The SM regions appear if 7 is 

restricted to (8). 



a function of 7. Taking into account (28) and (29), we then obtain 

34° £ 7 £ 75° (« j> d = 47°), 105° £ 7 £ 146° (4> d = 133°). (37) 

In the future, the experimental uncertainties of the Bd -7 7r + 7r - observables 
will be reduced considerably, thereby providing significantly more stringent 
results for 7, as well as the hadronic parameters. 

In analogy to the Bd — > 7r + 7r - analysis discussed above, we may also use H 
to obtain an allowed region in the Aqp(B s -7 K + K~)-Aqp(B s -7 K + K~) 
plane [48], as shown in Fig. 4. There, also the impact of a non- vanishing value 
of 0s, which may be due to new-physics contributions to B®-B® mixing, is 
illustrated. If we constrain 7 to (8), even more restricted regions appear. The 
allowed regions are remarkably stable with respect to variations of parameters 
characterizing [/-spin-breaking effects [48], and represent a narrow target 
range for run II of the Tevatron and the experiments of the LHC era, in 
particular LHCb and BTeV. These experiments will allow us to exploit the 
whole physics potential of the Bd — > 7r + 7r~, B s -7 K + K~ system [73]. 

5 Comments on Rare B Decays 

Let us finally comment briefly on rare B decays, which occur at the one-loop 
level in the SM, and involve b — > s or b — » d flavour-changing neutral-current 
transitions. Prominent examples are B K* 7, B ^7, B -7 and 

B s ,d -> Within the SM, these modes exhibit small branching ratios 

at the 10 -4 -10 -1 ° level, and do not - apart from B — > ^7 - show sizeable 
CP- violating effects, thereby representing important probes to search for new 
physics. For detailed discussions of the many interesting aspects of rare B 
decays, the reader is referred to the overview articles listed in [97]. 
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6 Conclusions and Outlook 

Decays of B mesons represent a very exciting field of research. Thanks to the 
efforts of the BaBar and Belle collaborations, CP violation could recently be 
established in the B system with the help of the “gold-plated” mode Bd 
J/tpKs, thereby opening a new era in the exploration of CP violation. The 
world average sin 2 (3 = 0.734d=0.054 now agrees well with the SM expectation, 
but leaves a twofold solution (j)d 47° V 133° for the B®-B® mixing phase 
itself. As the latter solution would point towards new physics, it is important 
to resolve this ambiguity directly. 

The physics potential of B experiments goes far beyond Bd -> J/^ATs, 
allowing us now to confront many more CP strategies with data. Here the 
main goal is to overconstrain the unitarity triangle as much as possible, where 
B — > ttK , B -A (j)K and B -» nn are important benchmark modes. Studies 
of B decays at hadron colliders are an essential element of this programme, 
providing - among other things - access to the B s - meson system. Already 
run II of the Tevatron is expected to yield interesting results on B s physics, 
and should discover B®-B® mixing soon, which is an important ingredient for 
the “standard” analysis of the unitarity triangle. Prominent B s decays are 
B s -A J/^0, B s -A K + K~ and B s -A DfK T . Although we may obtain first 
valuable insights into these modes at the Tevatron, they can only be fully 
explored at the experiments of the LHC era, in particular LHCb and BTeV. 
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1 Introduction 

The CDF collaboration will vigorously pursue a comprehensive program of 
electroweak physics during Run II at the Tevatron based strongly on the 
successful Run I program. The Run Ha integrated luminosity goal of 2 fb ~ 1 
will lead to a CDF dataset twenty times larger than that collected in Run 
I. In addition, an increase in the energy of the colliding beams from yfs — 
1.80 TeV to yfs — 1.96 TeV for Run II provides a 10% increase in the W 
and Z boson production cross sections and a corresponding enlargement of 
the electroweak event samples. In the near term, CDF expects to collect a 
dataset with 2-3 times the integrated luminosity of Run I by September of 
2003. 

Utilizing these new datasets CDF will be able to make improved, pre- 
cision measurements of Standard Model electroweak parameters including 
Mw , M top , /V, and sin 2 6 ^ . The goal of these measurements will be to im- 
prove our understanding of the self-consistency of the Standard Model and 
knowledge of the Higgs boson mass within the model. The top plot in Fig. 1 
illustrates our current knowledge of the Standard Model Higgs mass based 
on measurements of M w and M top . The constraints imposed by combined 
CDF and DO Run I measurements of Mw (80.456 =h 0.059GeU/c 2 ) and M top 
(174.3 i 5.1 GeV/c 2 ) are illustrated by the shaded oval region on the plot. 
The hatched rectangle shows the additional constraint imposed by the re- 
cent LEP2 measurement of Mw • The bottom plot in Fig. 1 illustrates the 
expected improvement in these constraints based on Run II CDF measure- 
ments utilizing a 2 fb~ x dataset. The shaded oval region in this plot is based 
on current estimates of a 40 MeV/c 2 uncertainty for measuring Mw and a 
2-3 GeV/c 2 uncertainty for measuring M top - 

In addition to measuring these fundamental parameters, CDF will have 
the opportunity to take advantage of increased electroweak data samples in 
Run II to perform precision tests on an assortment of Standard Model pre- 
dictions. Measurements of W and Z boson production cross sections and the 
W charge asymmetry are important tests of QCD. The charge asymmetry 
measurement, in particular, provides useful information on parton distribu- 
tion functions. In Run II these measurements will be extended into the most 

* for the CDF collaboration 




260 



Eric James 




i i .... I 

130 140 150 160 170 180 190 200 

M,» p (GeV/c 2 ) 




M lop (GeV/c 2 ) 

Fig. 1 . (Top) Current constraints on the Standard Model Higgs boson mass from 
measurements of Mw and M top . (Bottom) Expected constraints from Run II CDF 
measurements based on a 2 /6 _1 dataset. 



interesting range using the increased lepton coverage of the upgraded detec- 
tor at high f]. With the much larger sample of diboson events to be collected 
in Run II, CDF will also be able to perform detailed studies of the tri-linear 
elect roweak couplings between the W, Z, and 7 and search for anomalous 
couplings that could indicate new physics. These types of studies will become 
more powerful tests of the Standard Model as data samples increase. 



2 W/Z Production Cross Sections 

The starting point at the beginning of Run II for the physics program outlined 
above is re-establishing the pertinent channels in the data and developing a 
thorough understanding of the upgraded detector. With the small data sam- 
ples collected prior to June of 2002, CDF has made preliminary measurements 
of the W boson production cross section using both the electron and muon 
decay channels. A measurement of the ratio of cross sections R = a w ja z 
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has also been made in the muon channel. The integrated luminosity corre- 
sponding to the electron and muon datasets used for these analyses are 10.4 
pb~ l and 16.5 pb~ x respectively. 

The W bosons used in these analyses are identified in the detector as a 
reconstructed high Pt lepton associated with large missing energy coming 
from the neutrino in the decay. At the Tevatron the z-component of the 
neutrino momentum is not observable so all event quantities are measured in 
the transverse plane. A simple set of kinematic cuts are made to reduce the 
fraction of background events in the sample. For W — ev decays the electron 
is required to be in the central calorimeter (rj e < 1.0) and have a measured 
Ej, > 25 GeV. The missing transverse energy in the event corresponding to 
Ej, is also required to be above 25 GeV. Similarly, for W — > /iv decays the 
muon is required to be in the central muon detectors < 0.6) and have a 
measured P£ > 20 GeV. The corresponding missing transverse energy cut 
in the muon channel is > 20 GeV. The small disparities in the kinematic 
selection criteria between the electron and muon channels are due to different 
levels of background contamination in the two samples. The leptons in these 
events are also required to be isolated. The isolation requirement is based 
on the measured calorimeter Et within a cone of AR = (Ac/) 2 + Arj 2 )' b = 
0.4 centered on the reconstructed lepton excluding towers directly along the 
lepton path. This parameter is required to be less than 4.0 GeV for electrons 
and less than 2.0 GeV for muons. 

The cross section to be measured can be expressed as 



a-B = 



Nobs N h g 

Ae / C • dt 



(i) 



where N 0 b s is the number of observed events, Nb g is the estimated number of 
background events, A is the kinematic and geometrical acceptance, e is the 
total efficiency, and / C • dt is the integrated luminosity of the data sample. 

Background sources for the W tv event samples include Z — > ££ events 
where one lepton is missed by the detector, W tv events with a subsequent 
r decay into an electron or muon, QCD jet events containing both real and 
fake muons that falsify a missing Et signature, and cosmic rays (in the muon 
channel). The total fraction of events originating from background processes 
in the W ev sample is estimated to be 7% with the largest contribution 
coming from QCD jet events. In the W — » fiv sample, the dominant back- 
ground contribution is from Z -» fifi events with an unreconstructed muon. 
The estimate for the total fraction of background events in the muon sample 
is 12%. 

The kinematic and geometrical acceptance A is determined from a Monte 
Carlo simulation. The representation of the detector geometry in the simu- 
lation was verified via direct comparisons with the data. The Monte Carlo 
was tuned to match the lepton energy resolutions and the distribution of 
event recoil energies observed in the data. The recoil energy in W — )• tv 
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recoil transverse energy parallel to muon (GeV) 




Fig. 2. (Top) Measured recoil energy in W — » fiv events parallel to the muon direc- 
tion in Monte Carlo and data. (Bottom) Measured recoil energy in W fiu events 
perpendicular to the muon direction in Monte Carlo and data. 



events is defined as the measured calorimeter energy not assigned to the re- 
constructed lepton. The recoil energy plays an important role in shaping the 
missing transverse energy spectrum observed in the data. The importance of 
the recoil energy model is highlighted by the fact that nearly 20% of events 
in these samples have at least one reconstructed jet with Et > 8 GeV and 
\rj\ < 2.4. The plots in Fig. 2 show the level of agreement observed between 
Monte Carlo and data for the recoil energy spectrum in W (iv decays. 
The top plot shows the measured recoil energy parallel to the direction of the 
muon and the bottom plot shows the measured recoil energy perpendicular to 
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the muon direction. The excellent agreement between data and Monte Carlo 
seen in these distributions validates the use of our model for extracting the 
kinematic and geometrical acceptances. 

The efficiency e used in the cross section measurement is a combined 
number that takes into account several different efficiencies. This number 
includes efficiencies for triggering on and reconstructing the lepton originating 
from the W decay; efficiencies for the cuts used to select the good quality 
beam-produced, isolated leptons from which our samples are constructed; and 
efficiencies of event topology cuts used to reduce backgrounds in the event 
samples. The majority of these efficiencies were measured directly from the 
data. For example, efficiencies of lepton identification and isolation cuts were 
obtained from studies based on Z -» it events. 



Table 1. Cross Section Input Parameters 





W — » ev 


W — y [iv 


N obs 


5547 


4561 


N bg 


409 ± 85 


569 ± 63 


A(%) 


23.4 ± 0.9 


14.2 ± 0.4 


£(%) 


81.1 ± 1.8 


63.2 ± 3.8 


fC-dt 


10.4 ± 1.0 


16.5 ± 1.6 



Table 1 provides a summary of the input parameters to the W production 
cross section measurements in the electron and muon decay channels. The 
low efficiency measured for the muon channel is partially due to the use of a 
non-optimized algorithm for cosmic ray removal that removed roughly 10% 
of signal events. This algorithm has already undergone substantial modifi- 
cations, and the overall efficiency for signal events in the muon channel will 
be substantially higher in future analyses. The higher acceptance for events 
in the electron channel is mostly due to differences in the fiducial coverage 
of the central calorimeter and central muon detectors. The acceptance num- 
bers for both decay channels will increase significantly in future analyses that 
take full advantage of the improved forward calorimeter and muon coverage 
in the upgraded CDF detector. The numbers in Table 1 were used to extract 
preliminary W boson cross section measurements in the electron and muon 
decay channels. The result based on the electron channel is 

a • B(W ev) — 2.60 ± 0.03 (stat) ± 0.13 (sys) ± 0.26 (lum)nb (2) 
and the result based on the muon channel is 

a • B(W — )• jau) = 2.70 ± 0.04 (stat) ± 0.19 (sys) =h 0.27 (lum)nb (3) 
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Fig. 3. (Top) Comparison of transverse mass spectrum in data and Monte Carlo 
for W — > ev events. The shape of the distributions for the signal and background 
processes are taken from the Monte Carlo and normalized to the expected number 
of events in the sample. (Bottom)The same distributions for W — > jiv events. 



Both of the these measurements are in good agreement with the recent NNLO 
theory calculation by Stirling [1] that gives a B — 2.73 nb at yfs = 1.96 TeV 
and are consistent with an expected 10% increase in the measured CDF 
cross section from Run I [2], a • B (W -» ev) = 2.49 ± 0.12 nb at y/s — 
1.8 TeV. A final consistency check on the data is made by comparing the 
transverse mass spectrums in data and Monte Carlo. The top plot in Fig. 3 
is for events in the electron channel and the bottom plot is for events in the 
muon decay channel. The circles with the error bars show the reconstructed 
transverse mass distributions from the data. The shape of the signal and 
background distributions are extracted from the Monte Carlo and normalized 
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to the expected number of events in the sample. The solid black lines in the 
plots show the overall distributions obtained from combining the different 
signal and background distributions. The agreement between the Monte Carlo 
and data transverse mass spectrums in both samples is excellent. A similar 
consistency check on the missing E t distributions in data and Monte Carlo 
was also done but is not shown here due to space considerations. 



Table 2. R ^ Input Parameters 



N w 


3992 ± 93 


N z 


53.2 ± 8.0 


ez/ew 


0.884 ± 0.053 


Az/Aw 


0.2060 ± 0.0048 



Z bosons used in the measurement of are identified in the detector 
as two opposite-sign muons with a combined invariant mass near 90 GeV/c 2 . 
For simplicity, both muons are required to pass the same set of kinematic and 
identification criteria used to select muons for the W — > (iv event samples. 
Using this approach, the efficiencies and acceptances extracted for the cross 
section result can be directly applied to this measurement as well. The ratio 
of cross sections to be measured can be expressed as 

= a(pp -> W)r(W -> nv)r{Z) = N w e z A z 
* (j(pp -> Z)r(Z -> w)r(W) N z e w A w [ } 

Table 2 gives the input values to the measurement of i? M . These values are 
used to extract a preliminary measurement for the ratio of the W and Z 
boson cross sections as observed in the muon decay channels. The result is 

= 13.66 ± 1.94(stat) db 1.16(sys) (5) 

For comparison, the CDF Run I measurement of this value [3] gave a value 
of jR = 10.90 d= 0.43. Due to the small sample of Z — > fi/i events passing our 
tight selection criteria, this measurement is still statistics-limited in Run II, 
but this situation will quickly change as more data is collected. 
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1 Introduction 

The resonant production of the Z and W bosons and their subsequent decays 
into eu and e + e" final states provide ground for numerous studies at hadron 
colliders. The measurement of their production cross sections is important 
to test theoretical predictions based on parton distribution functions and on 
NLO QCD calculations. The experimental precision is, however, limited by 
the knowledge of the luminosity due to the uncertainty on the total inelastic 
pp cross section. This limitation disappears when R the ratio of cross sec- 
tions is used to extract the total width of the W boson. Similar analyses at 
lower center-of-mass energies have been published by the D0 collaboration^] 
and by other experiments [2-4]. The Z and W production processes, which 
provide a clean sample of electrons, also play a crucial role for calibration 
purposes. 

The analysis is carried out on a sample of data taken during the February- 
May 2002 period. The corresponding integrated luminosity amounts to 7.5 
pb" 1 . 

2 Detector 

For Run 2 of the Fermilab Tevatron, the mechanics and geometry of the D0 
calorimeter [5] have not changed relative to Run I, but its readout electronics 
and trigger processor were rebuilt to cope with faster bunch crossing rate in 
Run 2. 

The new D0 tracker now benefits from a 2 T field produced by a 1.2 m 
diameter solenoid. It is composed of a fiber tracker (CFT) and a set of silicon 
detectors (SMT). The CFT is made of 830 gm diameter scintillating fibers, 
read out by visible light photon counters (VLPC). The fibers are arranged in 
8 layers between radii of 20 and 60 cm [6]. SMT silicon modules (single and 
double sided) are arranged in cylinders and disks centered on the beam [7]. 

The luminosity monitor is made of two scintillator systems placed around 
the beam pipe at Z ~ ±140 cm of the nominal interaction point. Scalers 
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record the number of time correlated pairs of hits during the live time of the 
acquisition system to allow the calculation of the recorded luminosity. 

The events used in this analysis were triggered by requiring that a 0.2 x 
0.2 calorimeter tower in the |r/| < 0.8 range contained an energy above 15 GeV 
in its electromagnetic (EM) section. Moreover, a processor farm was used to 
keep only those events with a fully reconstructed shower compatible with 
that of an electron. The overall effective trigger efficiency for EM particles 
with Et > 25 GeV, computed from events triggered by the muon system, is 
Strig — (97.0 ± 2.9)%. The loss with respect to full efficiency is mainly due to 
level 1 trigger towers temporarily removed. 

3 Data Selection 

Electrons are identified as EM clusters in the calorimeter associated with a 
track. EM clusters are required to have a fraction of energy in the calorimeter 
EM section f em = ^EMl^tot > 0.9 where Eem is the cluster energy in the 
EM section of the calorimeter within a cone of radius R = \J Ap 2 ± Acf) 2 = 0.2 
and E to t is the total energy in the same cone. In addition, the shower shape of 
cluster candidates is compared to Monte Carlo electron showers by means of a 
X 2 ; EM clusters are selected with y 2 < 20. The sample is further restricted to 
isolated clusters by requiring that the total energy in a cone of radius R = 0.4 
be less than 1.15 x Eem • The selection efficiency of these cuts, computed from 
a Z event sample selected with loser cuts is e s hwr — 0.89 ± 0.03. 

To reduce the background from jets misidentified as electrons one can 
require that the EM cluster is matched to a track. A cluster is considered as 
matched to a track if their association x 2 probability is larger than 1%. The 
X 2 is defined as 



W/ \VzJ \ °E/p J 

where 5(j) and 5z are the distances in <j) and z between the extrapolated 
track and the cluster centroid, and a z are the experimental resolutions on 
these distances, Et and pr are the transverse energy of the cluster, and the 
transverse momentum of the track and (Je/p is the resolution on Et/pt- 
The energies of the candidate electrons are corrected for the readout chain 
non-linearity, individual channel gain dispersion and energy loss in material 
before the calorimeter. The absolute energy scale is set by requiring that the 
Z peak lie at its known mass. 

Candidate Z events are selected by requiring two EM clusters with Et > 
25 GeV, where one is within the \rjdet\ < 0-8 triggering region and the other 
in the central calorimeter (\rjdet\ < 1-1). Clusters within ±0.02 rad in azimuth 
from the calorimeter module boundaries are rejected in order to keep a uni- 
form response of the calorimeter. No track matching requirement is imposed 
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since the Z peak appears with a small background in the invariant mass 
spectrum of the cluster pairs (Fig. la). 



D0 Run2 Preliminary 




Fig. 1 . a) Invariant e + e mass spectrum of the Z event sample, b) Transverse mass 
spectrum of the W event sample with track match. 



Using these requirements, the total Z sample is comprised of 328 events, 
of which 206 have a di-EM invariant mass in the [80,100] GeV fiducial mass 
range. A fit of the sum of a Breit-Wigner convoluted with a Gaussian and an 
exponential to the invariant mass spectrum yields 20 events of background 
below the Z peak using the exponential part alone. The number of Z events 
is estimated to be Nz — 186 ± 14 stat ± 10 sys t events where the systematic 
uncertainty on the background level is taken to be 50% of its value. 

Because of its low background, the Z sample is used to compute the track 
matching efficiency e tr k in the \rjd e t\ < 0.8 range. The efficiency is obtained as 
the ratio of the number of clusters which are successfully matched to a track 
to the total number of clusters in events within the [80,100] GeV mass range. 
Although the background is rather low, its contribution to the total number 
of clusters is corrected for. The overall matching e tr k = (70.0 ± 4.0 sta t ± 
2.8 sy st)%- The systematic uncertainty allows for a 50% uncertainty on the 
background level. 

EM clusters from QCD events may accidentally be associated to a track 
and fake an electron. The fake contribution is measured in events with an EM 
cluster produced in conjunction with a jet opposite in azimuth within ±0.2 
rad. Possible contamination by Z events is removed by requiring the opposite 
jet to have an energy fraction in the EM section smaller than 70%. W events 
with a jet opposite to the electron are further removed by requiring that the 
missing transvers energy (ffx) be less than 10 GeV. The fraction of selected 
events having an associated track is ff a ke — (2. 50 ±0.15)%, independent of 
the Et of the EM object in the kinematic region considered. 
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Candidate W events are required to have only one EM cluster with 
E t > 25 GeV, \rj det \ < 0.8 and # T > 25 GeV 1 . The N tot = 9205 events 
thus selected are largely contaminated by the QCD background which is sig- 
nificantly reduced in the N trk = 2588 events with a track match (Fig. lb). 
The first sample of N tot events comprises N w W events and N® CD QCD 
events. In the second sample, the last two numbers are scaled down respec- 
tively by the matching efficiency and the fake probability: 

N tot = N W + N QCD and N trk = etTkN W + f fake N^ CD 

Using the measured values of Etrk and ffake, this linear system can be 
solved, yielding N w = 3493 ± 75 sta t ± 357 sys t- The systematic uncertainty 
on N w accounts not only for the statistical and systematic uncertainty on 
e^k (255 events) and for the statistical uncertainty on ff a ke (25 events), but 
also for the statistical uncertainty due to the y 2 probability cut (247 events). 

4 Detector Simulation and Acceptance 

12500 W — » ev events and 6500 Z e + e~ events were generated according 
to a Born-term Drell-Yan matrix element embedded in the PYTHIA 6.1 event 
generator [8]. Next-to- leading order QCD radiation effects are simulated using 
resummed matrix elements, and higher order ISR correction are exponenti- 
ated. CTEQ4L [9] parton distribution functions are used. Beam remnants, 
fragmentation and decays are taken into account. A full simulation of the 
detector response and reconstruction is then applied to the generated events. 
Noise in the calorimeter is included but multiple pp interactions and beam 
related backgrounds are not simulated. 

Discrepancies between data and Monte Carlo in the electron energy reso- 
lution and in the calibration and resolution of the energy recoiling due to the 
W or Z boson are accounted for with additional empirical offline corrections. 
Data and corrected Monte Carlo are compared in Fig. 2. 

From the Z Monte Carlo sample, the efficiency due to geometrical accep- 
tance and kinematical cuts is found to be (11.8 ± 0.3 sta t ± 0.1 sy st)%- The 
systematic uncertainty comes from the effect of electron energy smearing on 
the kinematical cuts; it has been chosen to be half the size of the correction. 
Assuming no correlation, the EM ID efficiency for the pair of EM candidates 
is s 2 shwr = (79.6 ± 4.7 s tat)%- The trigger efficiency, accounting for events in 
which both electrons may trigger, is (98.8 ± 1.2 s tat)%- The overall efficiency 
for the Z sample is (9.3 ± 0.5 s t a t ± 0.1 syst )%. 

The geometrical acceptance and kinematical cut efficiency for the W 
sample amounts to (19.6 ± 0.3 s tat ± 0.9 syst )%. A systematic uncertainty of 

1 The^r vector measurement is affected by calorimetric effects such as accidental 
presence of “hot cells”. These effects, monitored by computing the average $t 
vector components of all recorded events as a function of time, are corrected for 
shifts from expected zero mean value. 
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Fig. 2. Data (dots with error bars) and Monte Carlo (shaded histograms) di stri- 
butions for the W sample of a) transverse missing energy , b) electron transverse 
energy Et, c) transverse mass Mr and d) W transverse momentum pr- 



2.1% covers incorrect evaluation of the MET correction and a 4.7% uncer- 
tainty accounts for remaining discrepancies between data and Monte Carlo 
in the region of the cut ( Et > 25 GeV and > 25 GeV). The overall 
efficiency, using the EM ID and trigger efficiencies for a single electron, is 
(16.9 zb 0.8 s tat ± 0.9 S yst)%* 

5 Results 

The inelastic cross section accepted by the luminosity monitor has not yet 
been computed in full detail. An estimate of G acc = 43 ± 4 mb is inferred 
from the Run I value. The integrated luminosity of the analyzed data is 
f Cdt = (7.52 ± 0.75i umi ) pb -1 . 

The Z and W production cross sections times branching fractions to elec- 
trons are: 



Gz x B(Z -» ee) = (266 =t 20 sta t ± 20 syst ± 27i um i) pb 
gw x B(W -0 ev) — (2.67 ± 0.06 sta t ± 0.33 syst ± 0.27i um i) nb 
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The W production cross section times branching ratio is corrected for a 2% 
contribution of VP -» tv where the r decays electromagnetically and for a 
contamination from Z — > ee where one electron is undetected. The results of 
this measurement are shown in Figure 3 along with other experimental values 
and theoretical predictions [10] using CTEQ4M parton distribution functions 
[9], 

Several factors, such as luminosity, trigger efficiency or EM identification, 
and their associated uncertainties cancel, at least partially, in the ratio of the 
cross sections: 



R = o w X B(W 



• ev) 
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Center of Mass Energy (TeV) 



Fig. 3. Z £ + £ and W £v cross section measurements at various center of 
mass energies (points with error bars) and their theoretical prediction (curves) [10] 
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Assuming a ratio dz/ow — 0.2964 ± 0.0047 from theory and the standard 
model prediction W -» ev width F^ = 0.2270 ± 0.0011 GeV, and taking 
the LEP measurement of the Z — > ee branching fraction B(Z — > ee ) = 
0.03367 ± 0.00005, we extract the total W width: 

IV = (2.26 ± 0.18 s tat ± 0.29 syst ± 0.04 t heory) GeV which compares well with 
the standard model prediction /V = (2.094 ± 0.006) GeV. 

6 Future Plans 

Run 2 of the Tevatron will produce millions of VP’s and over a hundred 
thousand Z’s. With the statistics expected, D0 plans to improve these cross 
section measurements significantly. The expected uncertainties on the W and 
Top mass uncertainties for Run 2a are 30 MeV and 2 GeV respectively. 
Together, these measurements will place strong constraints on mass of the 
Higgs boson. Additionally the W width measurements will improve both 
using the indirect method discrived here and a direct method which fits the 
tail of the W transverse mass distribution. Studies of W asymmetry, triple 
gauge boson couplings, and QCD with VP’s and Z’s will greatly enhance our 
understanding of W and Z production and decay properties. 
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Associated Hadroproduction of Charmonia 
and Electroweak Bosons 
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In this study, we investigate the hadroproduction of charmonia in associ- 
ation with electroweak bosons to leading order (LO) in the NRQCD factor- 
ization formalism. It includes the associated production of all experimentally 
well established charmonia, namely, the p c , J/'ip (?//, ^(3 S'), etc.), /i c , and XcJ 
mesons, with prompt photons, W bosons, Z bosons, and Higgs bosons, at the 
pp LHC and the pp Tevatron hadron colliders. In the numerical analysis, we 
concentrate on those charmonia which can be most straightforwardly identi- 
fied experimentally, namely the J/i/j and XcJ mesons, through their leptonic 
and radiative decays, respectively. 



1 Analytic Results 

For the associated production of charmonium C and electroweak boson D at 
the pp Fermilab Tevatron collider, the differential cross section can be written 
as 



dh 



dpr dy c dy D 



C PP ->■ CD + X)= x a f a/p (x a , M)xbf b /p(xb, M) 

a,b,n 

x (0 c [n])^(a& ->• cc[n } + D), (1) 



where it is summed over the active partons a,b = f a / p (x a , M) and 

fb/p(xb,M) are the parton density functions (PDFs) of the proton and an- 
tiproton, respectively, ( O c [n ]) are the MEs of C, ( da/dt)(ab cc[n\ + D) are 

the differential partonic cross sections, and x a ^ are the fractions of longitu- 
dinal momentum the partons receive from the proton and antiproton. They 
are given by 

exp(±y c ) + exp (±y D ) , . 

X a,b ~ m 5 (~) 
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where = \J m 2 c + p\ is the transverse mass of C and similarly for D. 
In hadron-collider experiments, the pp c.m. frame and the laboratory one 
usually coincide. 

The partonic Mandelstam variables s = (p a + p ^ ) 2 , t = (p a — Pc) 2 , and 
u = (p a — Pd ) 2 can be expressed in terms of pt , yc ? and as 



s = (my) + (m^) + 2 cosh (yc — Pd), 
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t = -pf, - m%niT exp (y D - y c ), 

~Pt - m T m T ex P(yc -V d), (3) 

respectively. Notice that s + t + u = m? c + m 2 D and sp\ — tu — m 2 c m 2 D . 
The kinematically allowed ranges of S', pr, Vc , and yo can be derived from 
Eq. (2). 

We work in the fixed-flavor- number scheme, where rif = 3. As required 
by parton-model kinematics, we treat the q quarks as massless. To LO in v, 
we need to include the cc Fock states n — if H — rj c ; 

n = 35( 1 ) j ^ 8) , 3 5f 3 pj 8) if H = J/i>, ip(3S), . . n = ^ if H = 

h c ; and n — 3 pj7 3 «s| 8 ^ if H = \cJ , where J = 0, 1, 2 [1], 

In the pp LHC set-up, the differential cross section is obtained from Eq. (1) 
by replacing the antiproton PDFs fb/p(xb , M) with their proton counterparts 
fb/pipbi M). 

We now turn to the partonic subprocesses ab -» cc[n]D. The differential 
cross section of such a process is calculated from the pertaining transition- 
matrix element T as da/dt = |T| 2 /(167rs 2 ), where the average is over the 
spin and color degrees of freedom of a and b and the spin of D is summed 
over. We apply the covariant-projector method of Ref. [5] to implement the 
cc Fock states n according to the NRQCD factorization formalism [1]. 

The following partonic subprocesses contribute to LO in a s and v: 



gg 




cc[c (1) ]./V, 


(4) 


gg 




cc[^ 8 ) ]N, 


(5) 


gg 


-> 


cc[? (8) ]./V, 


(6) 


g u g d 




cc [ 3 sf W + , 


(7) 


gdg u 




cc N 8) W-, 


(8) 



where q = u, d, s; q u = u; qd = d; N = 7, Z; and c — ^o, 3 Si, ^1 , 3 Pj with 
J = 0, 1, 2. The processes qq cc[q^]N are prohibited because the c-quark 
line is connected with the g-quark line by one gluon, which transmits color 
to the cc pair. For a similar reason and due to the fact that the W boson 
must be emitted from the initial-state quarks if a cc pair is to be produced, 
processes (7) and (8) only come with n — 3 S[ 8 \ 

In the Higgs-boson case D — H 1 the contributing partonic subprocesses 
are analogous to Eqs. (4)— (6), except that, due to charge-conjugation invari- 
ance, gg — > QQ[q^]H is forbidden for <; = 3 Si, l P±, and qq QQ[q^]H is 
forbidden for = ^So , 3 P/. 

The partonic cross sections da/dt of processes (4)-(8) are found in the 
Appendix of Ref. [3] . 
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2 Numerical Results 

We first describe our theoretical input and the kinematic conditions. We 
use m c = me/ 2 = 1.5 GeV, mw = 80.423 GeV, mz = 91.1876 GeV, 
Gf — 1. 16639 xlO -5 GeV -2 , ce = 1/137.036, and the LO formula for ai n/ ^(/i) 
with rif = 3 active quark flavors [ 6 ] and assume mu = 115 GeV. As for the 
proton PDFs, we use the LO set from Martin, Roberts, Stirling, and Thorne 
(MRST98LO) [ 8 ]. We adopt ^Iqcd — 204 MeV from Ref. [7], which hap- 
pens to precisely correspond to Aq£ D = 174 MeV, the value employed in 
Ref. [ 8 ], if the matching scale is taken to be m c . We choose the renormal- 
ization and factorization scales to be y = M = m ^ if D = 7 and to be 

ix = M — if D = Z, W, H. As for the J/'ip and XcJ MEs, we adopt 

the set determined in Ref. [4] using the MRST98LO proton PDFs. Specifi- 
cally, ( 0 J I* 3 sf } ) and (o Xc 0 3 P 0 (1) ) were extracted from the measured 
partial decay widths of J/'ij) — > l+l~ and Xc2 77 [ 6 ], respectively, while 
(oW [^ 8) ]/ (o J W [ 3 S{ 8) ]), (o 3 ^ [ 3 P 0 (8) ]), and (o Xca [ 3 s{ 8) ) were 

fitted to the transverse- momentum distributions of J/'ip and XcJ inclusive 
hadroproduction [2] and the cross-section ratio a Xc2 / a Xcl [9] measured at the 

Tevatron. The fit results for (o J ^ l S^ ^ and (o J ^ 3 Pq 8 ) ^ are strongly 
correlated, so that the linear combination 




with a suitable value of r, is quoted. Unfortunately, Eq. (1) is sensitive to 
different linear combination of (o J /^ l S ^ ^ and (o J /^ 3 Pq 8 ^ ^ than ap- 
pears in Eq. (9). In want of more specific information, we thus make the 
democratic choice (p 3 ^ ^ 8) = (r/m 2 c ) (o 3 ^ 3 P 0 (8) ) = M 3/qp / 2. 

We now present our numerical results. Figures 1-2 [Figures 3-4] are the 
Pt distributions da/dpr and the yc distributions da /dye, respectively, of 
the process pp — )> CD + X at the Tevatron (Run II) [pp CD + X at the 
LHC]. In each part, there are four frames, which refer to D — 
respectively. In each frame, we separately consider C = J/ip,XcJ-> both in 
the CSM and in NRQCD. In the case of D = 7 , the yc distributions are 
evaluated imposing the cut pr > 1 GeV to exclude the infrared and collinear 
singularities. In all plots, dot, solid, small-dash, and medium-dash lines refer 
to predictions where C = J/^, in the CSM, C = J/'tj) in NRQCD, C — XcJ ? 
in the CSM, and C = XcJ in NRQCD, respectively. 

We start the discussion of the figures with a few general observations. 

1. In all considered types of experiments, the associated production of XcJ + 
7, J/t/j + W, XcJ + W, and J/ip + H is forbidden in the CSM to the order 
considered. 




